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Summary
In this thesis we have studied several extensions of the SM and their implications
on the strength and structure of the tbW vertex, on the production and decays of
pseudoscalar and heavy Higgs scalars at the LHC, and the effects that models with
a fourth generation have on electroweak precision observables. Apart from the SM
with a fourth generation of chiral fermions, the extensions we studied all feature an
extended electroweak symmetry breaking (EWSB) sector. In the case of the type-II
2HDM and the MSSM, the extended EWSB sector consists of elementary Higgs fields.
In the case of Topcolor assisted Technicolor (TC2), which is a model of dynamical
EWSB, the scalar and pseudoscalar fields are composite.
By scanning over the phenomenologically and theoretically allowed regions of the re-
spective parameters spaces, we determined the largest possible cross sections σ(pp→
φ → V V ′) where V V ′ ∈ {W+W−, ZZγγ, Zγ} for both the heavy scalar and pseu-
doscalar states in the above models. We found that non-SUSY models with an ex-
tended Higgs sector and only three generations, namely the type-II 2HDM and the
TC2, still allow for observable pseudoscalar cross sections σ(pp → A → V V ′) at the
LHC. In particular for the final states W+W− and γγ. In the MSSM, the discovery
of the pseudoscalar A through its decays into electroweak gauge bosons is very un-
likely. However, scalar cross sections σ(pp→ H →W+W−) can still be of observable
size at the LHC in large parts of the MSSM parameter space. SM extensions with
an extended EWSB sector and four chiral generations are strongly disfavoured; direct
Higgs boson searches exclude large parts of the parameter space and it is challenging
to bring such an extension into accordance with electroweak precision data. On the
other hand, models with additional vector-like quarks and an extended Higgs sector
are still viable. The SM with four chiral generations is (still) not ruled out by direct
Higgs boson searches and can be brought into accordance with electroweak precision
data even for non-zero mixing in the quark sector.
The above SM extensions also affect the strength and structure of the tbW vertex and
we investigated the predictions these models make in detail. The magnitudes of the
anomalous couplings in a type-II 2HDM and in the MSSM are of the order of 1%, but
in the TC2 the anomalous coupling fL can be reduced by as much as 7%. Current
experimental limits on single-top production and on W -boson polarisation are however
not yet accurate enough to constrain the parameters of these SM extensions.
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Zusammenfassung
In der vorliegenden Arbeit wurden verschiedene Erweiterungen des Standardmodells
und deren Effekte auf die Struktur und Sta¨rke des tbW Vertex, die Produktion und
Zerfa¨lle von schweren pseudoskalaren und skalaren Higgs-Bosonen am LHC und die
Effekte einer vierten chiralen Generation auf elektroschwache Pra¨zisionsobservablen
studiert. Außer des Standardmodells mit einer vierten chiralen Generation, zeich-
nen sich die Erweiterungen aus durch einen erweiterten Sektor der elektroschwachen
Symmetriebrechung (ESB). In dem type-II 2HDM und in dem MSSM besteht der
ESB Sektor aus elementaren Higgs-Feldern. Im Falle von Topcolor assisted Techni-
color (TC2), ein Modell fu¨r dynamische elektroschwache Symmetriebrechung, sind die
skalaren und pseudoskalaren Felder zusammengesetzte Objekte.
Durch einen Scan u¨ber die theoretisch und pha¨nomenologisch erlaubten Teile der ver-
schiedenen Parameterra¨ume, wurden die gro¨ßtmo¨glichen LHC Wirkungsquerschnitte
σ(pp → φ → V V ′), wobei V V ′ ∈ {W+W−, ZZγγ, Zγ}, fu¨r sowohl die schweren
skalaren und pseudoskalaren Zusta¨nde der verschiedenen Modellen bestimmt. Fu¨r
nicht-SUSY Modelle mit einem erweiteren ESB Sektor und nur drei chirale Genera-
tionen, das type-II 2HDM und TC2, wurde gefunden daß die Wirkungsquerschnitte
σ(pp→ A→ V V ′) beobachtbar sein ko¨nnen am LHC. Vor allem in den Endzusta¨nden
W+W− und γγ. Im MSSM ist die Entdeckung des pseudoskalaren Higgs-Bosons durch
seine Zerfa¨lle in elektroschwachen Eichbosonen sehr unwahrscheinlich. Die skalaren
Wirkungsquerschnitte σ(pp → H → W+W−) ko¨nnen aber noch immer beobacht-
bar sein am LHC in grossen Teilen des MSSM Parameterraumes. Theorien jenseits
des Standardmodells mit einem erweiteren ESB Sektor und vier chirale Generationen
ko¨nnen nahezu ausgeschlossen werden, da durch die direkte Suche nach dem Higgs-
Boson grosse Teile des Parameterraumes ausgeschlossen sind und solche Erweiterungen
sehr schwierig in U¨bereinstimmung mit elektroschwachen Pra¨zissionsobservablen zu
bringen sind. Erweiterungen mit zusa¨tzlichen vektorartigen quarks sind noch immer
denkbar. Das Standardmodell mit vier chiralen Generationen ist (noch) immer nicht
ausgeschlossen durch die direkte Suche nach dem Higgs-Boson und ist vertra¨glich mit
elektroschwachen Pra¨zisionsobservablen.
Die obigen Erweiterungen des Standardmodells beeinflu¨ssen auch die Sta¨rke und Struk-
tur des tbW Vertex und in dieser Arbeit wurden die Vorhersagen dieser Erweiterungen
ausfu¨hrlich studiert. Die Gro¨ße der anomalen Kopplungen in dem type-II 2HDM und
in dem MSSM sind von der Gro¨ßenordnung O(1%). In dem TC2 aber, kann die
linksha¨ndige anomale Kopplung fL 7% kleiner werden. Die heutigen experimentellen
Schranken fu¨r single-top Produktion und W -boson Polarisation sind aber noch nicht
pra¨zise genung um die Parameter dieser Erweiterungen einzuschra¨nken.
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The ability to quote is a serviceable substitute for wit.
W. Somerset Maugham 1
Introduction and motivation
The Standard Model (SM) of particle physics is a highly effective and accurate gauge
field theory of the electroweak and strong interactions. Together with classical general
relativity the SM constitutes one of the most successful models of nature. The SM has
withstood many a test, however, it is the Higgs sector of the SM which the experiments
at the LHC will come to explore, and the hope exists that they will shed light on the
possible existence of the Higgs field, a hypothetical scalar field which in the SM is
responsible for the masses of the fermions and the W±- and Z-bosons, and which
is responsible for the breaking of the electroweak symmetry. But it is not only the
investigation of the Higgs sector which lies at the core of the LHC experiments: The
top quark, which was discovered by the CDF and DØ experiments at the Tevatron,
plays an important roˆle in the experiments at the LHC too. The top quark t is the
heaviest known quark with a mass of 173.2 GeV [1], close to the electroweak scale v.
Its decays are governed by the weak force and the structure of the CKM matrix, and
we believe that a detailed study of its decays and properties can shed light on the
nature of electroweak symmetry breaking (EWSB).
As the title of this thesis suggests, we will study several aspects, which we will come
to specify in this chapter, of top quark and Higgs physics in extensions of the SM.
Even though the SM has withstood almost every experimental test, why do we wish to
consider extensions of the SM? Not only because we can. . . Of course not. There are
well motivated reasons to believe that the SM is only a low-energy effective description
of the electroweak and strong forces. In the extensions we will discuss, the Higgs sector
is augmented with additional spin-zero scalar and pseudoscalar particles, and it may
well be that nature favours the Higgs bosons of, say, the MSSM over the Higgs boson
of the SM. We must therefore keep an open eye on the existence of these additional
Higgs bosons and their discovery potential at the LHC is an important issue. More
specifically, we will study the LHC discovery potential of heavy scalar and pseudoscalar
Higgs bosons in several SM extensions through their decays into electroweak gauge
bosons.
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Besides the discovery potential of heavy scalar and pseudoscalar Higgs bosons in several
SM extensions, new physics can affect the top quark decay t → bW+ . This is the
dominant decay mode of the top quark and we will study the strength and structure
of the tbW vertex in several SM extensions in detail. Apart from the aforementioned
two themes, we will also study the possible effects an additional fourth generation of
chiral quarks and leptons can have on electroweak precision observables. This topic lies
somewhat outside of the main focus of this thesis and we will give a proper introduction
and motivation to this topic in Part II of this thesis. Before we discuss the main results
of this thesis, let us first introduce the reader to the SM and specify the central themes
we will discuss in this work.
The Standard Model (SM) is a gauge field theory of the electroweak and strong
interactions. It is constructed upon the principle of Lorentz invariance and local
gauge invariance, encoded in the gauge structure of the (unbroken) gauge group
SU(3)c × SU(2)L × U(1)Y . The spin-1 sector of the SM consists of the following
gauge fields:
1. U(1)Y gauge field Bµ with coupling g′ ( weak hypercharge),
2. SU(2)L gauge field Waµ with coupling g (weak isospin),
3. SU(3)c gauge field Gaµ with coupling gs (colour charge).
The spin - 12 content comprises the left-handed fermion fields eL, µL, τL, uiL, diL and νL,
which are SU(2)L doublets, and the right-handed fermion fields eR, µR, τR, uiR, diR,
which are singlets under SU(2)L. There are no right-handed neutrinos in the SM.
The quark fields ui and di are SU(3)c colour triplets and the neutrinos are generically
denoted by ν.
The Higgs sector of the SM consists of a complex SU(2)L doublet
HSM =
(
H+SM
H0SM
)
. (1.1)
The Higgs part of the SM Lagrangian, before electroweak symmetry breaking, takes
on the form
LH = (DµHSM)†(DµHSM) + µ2H†SMHSM − λ4
(
H†SMHSM
)2
. (1.2)
For µ2 > 0, the Higgs field (in the unitary gauge) acquires a real vacuum expectation
value v in the second (neutral) component
〈HSM〉 =
(
0
v/
√
2
)
, (1.3)
2
which breaks down the electroweak symmetry SU(2)L×U(1)Y to the electromagnetic
U(1)em gauge group. Fluctuations around this value are parameterised in this gauge
by
HSM =
(
0
(v +HSM)/
√
2
)
. (1.4)
After symmetry breaking, three of the four degrees of freedom from the complex Higgs
doublet, the three massless Goldstone bosons, are transmuted into the longitudinal de-
grees of freedom of the electroweak gauge bosons W± and Z, whereby these bosons
become massive. The fermions couple to the Higgs field HSM with strengths propor-
tional to their respective masses. Although the SM Higgs boson has not been observed
σ
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Figure 1.1: 95% C.L. upper limits on the
signal strength modifier µ = σ/σSM for the
combination of the γγ and 4` analyses. This
graph was reproduced from the table given
in [2].
yet, this negative search result has important consequences since it can be used to set
limits on the possible mass of the SM Higgs boson. The DØ and CDF experiments at
the Tevatron have set strong bounds on the Higgs mass range. The combined CDF
and DØ limits [3] exclude the mass range 158 GeV < mHSM < 175 GeV at 95% CL.
The ATLAS and CMS experiments have gone even further, and the latest results have
broadened the exclusion window, or for the more optimistically inclined, have nar-
rowed the discovery window. The results from the γγ and 4` analyses [2] of the CMS
collaboration are depicted in Figure 1.1. The excluded mass range is even larger,
but to increase the dramatic effect the depicted mass range only covers the range
110 GeV < mHSM < 150 GeV. We can infer from Figure 1.1 that there is a signal
excess for a SM Higgs boson with a mass around 124 GeV and that the upper limit
lies around 127 GeV. The combined observed results exclude the SM Higgs boson in
the mass range 127 − 600 GeV at 95% CL [4]. The observed exclusion 95% CL exclu-
sion limits from the ATLAS collaboration range from 112.9 GeV to 115.5 GeV, from
131 GeV to 238 GeV and from 251 GeV to 466 GeV [5]. The ATLAS collaboration
sees an excess of events (in several decay channels, including HSM → γγ) for a SM
Higgs boson with mass mHSM = 126 GeV [5].
In extensions of the SM by an additional Higgs doublet, additional scalar and pseu-
doscalar particles appear, and in view of the many new model parameters in these
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extensions, the question as to which is the decay channel with the highest discovery
potential is more difficult to answer. For the SM Higgs boson, depending on the mass
of the Higgs boson, the situation is clear. In the SM the highest discovery potential
for Higgs masses up to mH ≤ 140 GeV are the decays into bb¯ and τ−τ+ pairs and, to a
lesser degree, the decays into photon pairs, whereas for Higgs masses mH > 140 GeV
the Higgs boson decays predominantly into pairs of on/off-shell electroweak gauge
bosons ZZ(∗)/WW (∗) [6,7]. However, in extensions of the SM by an additional Higgs
doublet, the decays of the pseudoscalar Higgs A into W+W− and ZZ are expected to
be very small. This is because the couplings AW+W− and AZZ must be loop-induced
and in the SM extensions we will study, these couplings are strongly suppressed in large
parts of the respective parameter spaces. However, we will investigate if there are sce-
narios possible for which the production rates σ(pp→ A→W+W−/ZZ) can become
observable at the LHC. We will compare these predictions to those for the heavy scalar
H with mass mA ≈ mH . To obtain reliable limits and predictions of these production
rates, one cannot simply consider the entire parameter space provided by a certain
extension and theoretical and experimental constraints must be taken into account
As we have mentioned in the opening words of this thesis, the investigation of the top
quark plays an equally important roˆle at the LHC. In view of the large mass of the
top quark, the production and decays of top quarks are a direct and sensitive probe
of the fundamental interactions at energy scales of a few hundred GeV and so far the
data from the Tevatron1 are compatible with the predictions from the SM. At present
only the decay mode t→Wb has been detected [9]. In the SM the strength (up to the
constant Vtb) and structure of the tbW vertex are governed by the left-handed V −A
interaction, i.e. the relevant part of the SM Lagrangian reads
L SMtbW+ =
eV ∗tb√
2sW
b¯γµPLtW
+
µ + h.c. (1.5)
where PL denotes the left-handed projector PL = 12(1−γ5). Because Vtb ≈ 1 the decay
mode t → bW+ completely dominates the top-decay rate in the SM with branching
ratio BR
(
t→ bW+) = 0.998 [10]. It is not our goal to study new decay modes of the
top quark, e.g. t → H+b in two-Higgs doublet type extensions. Instead we wish to
investigate the effects of new physics on the strength and structure of the tbW vertex.
The strength and structure of the tbW vertex can be analysed model independently
by making use of a form factor decomposition. If in the decay t → bW+ process all
particles are on-shell, the tbW+ decay amplitude may be decomposed into four Lorentz
structures. The general decay amplitude then reads
MtbW+ =
ie√
2sW
εµ∗u¯b
[
γµ (FLPL + fRPR) +
iσµνq
ν
mW
(gLPL + gRPR)
]
ut (1.6)
1With the exception of the forward-backward asymmetry in tt¯ production [8].
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with PL,R = (1 ∓ γ5)/2 and FL ≡ V ∗tb + fL. The coefficients fL,R and gL,R are called
form factors or anomalous couplings, and are in general complex valued functions of
the external particle momenta. Parameterising new physics contributions to the vertex
by anomalous couplings, one can obtain direct information on these couplings from
the decay fractions F0 = BR
(
t→ bW+(λW = 0)
)
, F± = BR
(
t→ bW+(λW = ±)
)
of
top quarks into W+-bosons with helicity λW = 0,±1. A second direct probe of the
strength and structure of the tbW vertex is single top-quark production since the
single-top production cross section is proportional to the strength of the tbW vertex.
While the sensitivity to BSM effects on F exp0,∓ [11, 12, 13, 14] and on single-top-quark
production [15, 16, 17, 18] from the Tevatron is rather modest, one expects that these
anomalous form factors can be determined quite precisely at the LHC [19,20,21,22,23].
In the SM at leading order the fraction F0 is approximately 70% (cf. Section 5.2). This
means that the decays of the top quark are a source of longitudinally polarised W -
bosons. Since in the SM the longitudinally polarised state of the W -boson is generated
by the charged component of the Higgs doublet (cf. Eq. (1.1)), we expect that if EWSB
is different from the mechanism in the SM, the tbW vertex and the helicity fraction
F0 should be sensitive to it.
Overview
In closing a few words to the outline of this thesis: In Part I, i.e. in Chapters 2
and 3, we will review several extensions of the SM with an extended electroweak
symmetry breaking (EWSB) sector, which we will also call extended Higgs sector for
short. A number of phenomenological aspects of the extended Higgs sectors of these
models will be investigated in this thesis. These extensions are the type-II 2HDM,
the MSSM and a paradigm for dynamical electroweak symmetry breaking, Topcolor
assisted Technicolor, which is discussed in Chapter 3. Of course, it is not my intention
to reinvent the wheel; there is a plethora of introductory texts and reviews of these
particular models, but I feel that it is perhaps simply a matter of common courtesy to
provide a complete picture, even though much of the theoretical background has been
covered before. Not all the theory needed can be covered in Part I. The main results
of this thesis will be presented in Parts II, III and IV. They will be accompanied
by an overview of the specific theory and methods used. In Part II we augment
the SM (and a type-II 2HDM) with additional heavy leptons and quarks and study
the dependence of the newly introduced fermions and mixing angles on electroweak
precision observables. This is a standalone part, and lies somewhat outside of the
main scope of this thesis. However, certain aspects presented in this part will be used
in subsequent chapters. In Part III we predict the structure and strength of the tbW
vertex in the SM extensions introduced in Part I. In Part IV, i.e. in Chapters 6, 7
5
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and 8, we analyse in detail for the SM extensions introduced in Chapters 2 and 3,
the production of heavy pseudoscalar and scalar Higgs bosons at the LHC and their
subsequent decays into electroweak gauge bosons. In Chapters 6 we will focus on the
production and decays of pseudoscalar Higgs bosons at the LHC. Chapter 7 features
an extension of the type-II 2HDM with additional vector-like quarks. Although it is in
line of the structure of Chapter 6, I will present it as a single chapter since additional
theoretical information is needed. Chapter 8 is a natural continuation of Chapter 6
and deals with some aspects of the phenomenology of the heavy neutral Higgs boson
H in the MSSM exclusively. We summarise and conclude in Chapter 9.
All the investigations in this work were performed by me independently and some of
the results have already been published with coauthors. The papers will be cited at
the appropriate places.
6
Part I
SM extensions with an extended
EWSB sector
7

I have discovered something which is totally useless.
P.W. Higgs 2
Two-Higgs-doublet extensions of the
SM
In this chapter we will give a concise introduction to the Higgs sectors of so-called
two-Higgs-doublet extensions (2HDM) of the Standard Model. These extensions can
either be supersymmetric or not. We will introduce and discuss the Higgs sector of the
non-supersymmetric extension first. After having explained the general features of a
non-supersymmetric extension, we will discuss the Higgs sector of the minimal super-
symmetric extension of the Standard Model (MSSM), where an additional symmetry,
called supersymmetry, governs the form and dynamics of the theory. In itself, the
MSSM is not merely a two-doublet extension of the SM, but since we are interested
in Higgs phenomenology beyond the SM, we will only present the Higgs sector of the
MSSM in this chapter. Some more details on the MSSM are given in Appendix A.
2.1 Two-Higgs-doublet models
Gauge invariance permits us to add additional scalar degrees of freedom to the Higgs
sector of the SM. A rather minimal extension of the SM Higgs sector consists of two
complex Higgs doubletsH1,2 with the same quantum numbers as the SM Higgs doublet.
These type of extensions of the SM are generally known as two-Higgs-doublet models
(2HDM) [24,25,26]. In the SM there are no Flavour-Changing-Neutral-Currents (FC-
NCs) at lowest order in perturbation theory, because the mechanism which diagonalises
the quark mass matrices, also diagonalises the Yukawa couplings of the Higgs field HSM
to the fermions. According to a theorem by Weinberg and Glashow [27], FCNCs are
absent in 2HDMs if all leptons and quarks of a given charge couple to exactly one
Higgs doublet. In general there are various ways to realise these Yukawa couplings. In
this work we will focus on the so-called type-II 2HDM, where the down-type leptons
and quarks only couple to the first Higgs doublet H1, whereas the up-type leptons
9
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and quarks only couple to the second Higgs doublet H2. This particular coupling
structure of the type-II 2HDM is enforced by a discrete symmetry transformation,
e.g. H1 → −H11. Note that we are at present only discussing a non-supersymmetric
extension.
2.2 The Higgs sector of the type-II 2HDM
The Higgs sector of the type-II 2HDM consists of two complex SU(2)L doublets H1,2
which both carry hypercharge Y = 1. The renormalisable Higgs potential which
spontaneously breaks down SU(2)L × U(1)Y to U(1)em is given by [24]
V (H1,H2) = λ1
(
H†1H1 − v21
)2
+ λ2
(
H†2H2 − v22
)2
+ λ3
[(
H†1H1 − v21
)
+
(
H†2H2 − v22
)]2
+ λ4
[(
H†1H1
) (
H†2H2
)
−
(
H†1H2
) (
H†2H1
)]
+ λ5
[
Re
(
H†1H2
)
− v1v2 cos ξ
]2
+ λ6
[
Im
(
H†1H2
)
− v1v2 sin ξ
]2
. (2.1)
Because of hermicity of the potential, all the parameters λi are real. The potential (2.1)
is the most general potential possible under gauge invariance and with the constraint
that the discrete symmetry H1 → −H1 is only softly-broken2. If all the constants λi
are positive, then the minimum of the potential is manifestly
〈H1〉 =
(
0
v1
)
, 〈H2〉 =
(
0
v2eiξ
)
. (2.2)
The phase ξ plays an important roˆle. If it is non-zero, it leads to CP-violation in the
Higgs sector. We will discuss this in Section 2.2.2. If λ5 = λ63, then the last two terms
of the potential (2.1) can be combined into a term proportional to |H†1H2 − v1v2eiξ|2
and with the redefinition H2 → H2eiξ we can remove the phase ξ from the potential.
For the present discussion we therefore set ξ = 0. As a result of this field redefinition,
the vacuum expectation values of the Higgs doublets H1,2 can be chosen to be real
(and positive). We may decompose the Higgs fields by writing
H1 =
(
H+1
H01
)
≡
(
φ1 + iφ2
φ3 + iφ4
)
, (2.3a)
1The right-handed down-type lepton and quark fields must of course obey the same discrete symme-
try.
2The reflection symmetry is of course softly broken by the terms proportional to λ5 and λ6.
3In the Higgs potential of the MSSM, one can relate the MSSM Higgs sector couplings to the
parameters λi in Eq. (2.1) and the relation λ5 = λ6 automatically holds.
10
2.2 The Higgs sector of the type-II 2HDM
H2 =
(
H+2
H02
)
≡
(
φ5 + iφ6
φ7 + iφ8
)
(2.3b)
and expand the potential around the minimum;
V (H2,H2) ≡ V (φ1, . . . , φ8)
= 12(φi − vi)(φj − vj)
∂2V
∂φi∂φj
∣∣∣∣min + . . . ,
where we evaluate the expansion at the minimum
φ3 = v1, φ7 = v2, φi = 0, i 6= 3, 7. (2.4)
The quadratic forms represent the Higgs mass mixing matrices. They are real sym-
metric matrices and can be diagonalised by appropriate orthogonal matrices. In the
charged sector (the indices (1, 5) and (2, 6)), the mass mixing matrix reads
M± = λ4
(
v22 −v1v2
−v1v2 v21
)
. (2.5)
We may diagonalise this matrix using only one mixing angle β, where tan β = v2/v1.
The fields φ1,2 are assigned to the charged state H+1 = φ1 + iφ2 and the fields φ5,6 are
assigned to the charged state H+2 = φ5+iφ6. After rotating these fields into their mass
eigenstates, the mass mixing matrices become diagonal and the diagonal values now
represent the mass eigenvalues squared. We observe that we now have two charged
Goldstone bosons with mass zero,
G± = H±1 cosβ +H±2 sin β, (2.6)
and two orthogonal states, which represent the charged Higgs H± bosons with mass
m2H± = λ4(v21 + v22),
H± = −H±1 sin β +H±2 cosβ. (2.7)
If CP is conserved – without loss of generality we set ξ = 0 – then the neutral states
fall into two classes: the imaginary sector, the indices (4, 8), and the real sector,the
indices (3, 7). The mass mixing matrixMneut is now a 4×4 real block diagonal matrix
consisting of two 2× 2 submatrices:
Mneut =
(
MS 0
0 MPS
)
, (2.8)
with
MS =
(
4v21(λ1 + λ3) + v22λ5 v1v2(4λ3 + λ5)
v1v2(4λ3 + λ5) λ5v21 + 4v22(λ2 + λ3)
)
(2.9)
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and
MPS =
(
v22λ6 −v1v2λ6
−v1v2λ6 v21λ6
)
. (2.10)
The neutral mass mixing matrix Mneut may be diagonalized by diagonalizing the
2 × 2 submatrices: MPS may be diagonalized by the same orthogonal matrix as in
the charged sector leading to two neutral (pseudo) scalars A,G
G =
√
2 (φ4 cosβ + φ8 sin β) , mG = 0, (2.11)
A =
√
2 (−φ4 sin β + φ8 cosβ) , m2A = λ6(v21 + v22). (2.12)
The mass mixing matrixMS requires an additional mixing angle α. After transforming
the fields we find two neutral (scalar) Higgs bosons h,H with masses
m2h,H =
a+ b±√(a− c)2 + 4b2
2 , (2.13)
where the coefficients a, b, c are given by
a = 4v21(λ1 + λ3) + v22λ5,
b = v1v2(4λ3 + λ5), (2.14)
c = 4v22(λ2 + λ3) + v21λ5.
The mass eigenstates are then given by
h =
√
2 [(φ3 − v1) cosα+ (φ7 − v2) sinα] , (2.15)
H =
√
2 [− (φ3 − v1) sinα+ (φ7 − v2) cosα] . (2.16)
The mixing angle α can be expressed in terms of the parameters of the Higgs potential
by
cosα = 1√
1 +
(
λ1−a
b
)2 , (2.17)
sinα = 1√
1 +
(
λ1−a
b
)2 λ1 − ab , (2.18)
or, as is more common in the literature:
sin 2α = = 2 1
1 +
(
λ1−a
b
)2 λ1 − ab = −2b√(a− c)2 + 4b2 , (2.19)
cos 2α = = −(a− c)√
(a− c)2 + 4b2 . (2.20)
12
2.2 The Higgs sector of the type-II 2HDM
2.2.1 CP-quantum numbers of the neutral Higgs bosons
It is instructive to examine the CP-quantum numbers of the neutral Higgs bosons
since these quantum numbers govern the possible interactions of the Higgs bosons
with electroweak gauge bosons. For this purpose it is sufficient to consider the simplest
CP-transformation of the Higgs doublets, i.e.
H1(x, t) CP→ H∗1(−x, t), H2(x, t) CP→ H∗2(−x, t). (2.21)
Under these transformations we observe that the fields (cf. Eq. (2.3)) in the neutral
sector transform according to
φ3,7
CP→ φ3,7, φ4,8 CP→ −φ4,8. (2.22)
Therefore the mass eigenstates h,H are CP-even Higgs bosons whereas the neutral
Higgs bosons A,G are CP-odd. If one works out the couplings of the CP-odd neutral
Higgs bosons to fermions, one finds that the couplings of, say A, are of the form
f¯γ5fA. Therefore the CP-odd neutral Higgs bosons are more commonly denoted as
pseudoscalar Higgs bosons. We will adopt this term. Furthermore, since the Higgs
boson A is CP-odd, it has no couplings to electroweak gauge bosons W± and Z at
tree-level. To see this note that the bosonic sector of the Lagrangian sector is CP-
conserving. This means that the transition matrix element 〈V V ′|Lbos|A〉, V V ′ =
W+W−, ZZ, Zγ, γγ must change sign under a CP-transformation and therefore no
couplings of A (or G) to pairs of electroweak gauge are present at tree-level. These
interactions are induced at one-loop level and generate effective interactions of the form
µναβF
µνFαβA, where F denotes the electroweak gauge boson field strength tensor.
2.2.2 CP-violation
If the phase ξ 6= 0,±pi and λ5 6= λ6 in the Higgs potential (2.1), this leads to CP-
violation. This can be seen by decomposing the Higgs doublets according to Eq. (2.3)
and applying the CP-transformation Eq. (2.22). One sees that the last two terms in
Eq. (2.1) become
λ5
[
Re
(
H†1H2
)
− v1v2 cos ξ
]2 CP→ λ5 [Re (H†1H2)− v1v2 cos ξ]2 ,
λ6
[
Im
(
H†1H2
)
− v1v2 sin ξ
]2 CP→ λ6 [Im (H†1H2)+ v1v2 sin ξ]2 .
and we see that CP-violation occurs. This means that the real and imaginary sector
no longer decouple and the mass mixing matrixMneut( cf. Eq. (2.8)) is now no longer
block-diagonal. We can now choose a basis (cf. [28] for the specific choice of basis) in
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which the neutral mass mixing matrix Mneut takes on the form (remember that the
physical Goldstone boson G is massless)
Mneut →
(
M 0
0 0
)
. (2.23)
After applying this transformation, the transformed neutral fields are not yet mass
eigenstates and we need to apply a further rotation to diagonalise the mass mixing
matrixM from Eq. (2.23). The rotation matrix is parameterised by three Euler angles
α1,2,3 and is given by
R =
 c1c2 s1c2 s2−c1s2s3 − s1c3 c1c3 − s1s2s3 c2s3
−c1s2c3 + s1s3 −c1s3 − s1s2c3 c2c3
 , (2.24)
with ci = cosαi, si = sinαi. After performing the rotation, we will denote the neutral
mass eigenstates by h1, h2 and h3. An important consequence is that now all three
Higgs bosons hi possess tree-level couplings to W± and Z and the Yukawa couplings
to the fermions now have both a scalar and pseudoscalar part.
2.3 SUSY
There are various ways to motivate and introduce the concept of supersymmetry
(SUSY) and consequently the minimal supersymmetric extension of the standard
model, the MSSM. A more formal, mathematical motivation resides in the Haag-
Lopuszanski-Sohnius theorem (HLS) [29], which states that there is only one non-
trivial extension of the Poincare´ algebra, namely the supersymmetry algebra which is
constructed by allowing both commuting and anti-commuting symmetry generators.
Instead of giving a formal introduction, we motivate supersymmetry by investigating
the Standard Model more closely. The HLS theorem then serves as a mathematical
justification of the need for supersymmetry given below.
It is well known that within the SM there is no satisfactory solution to the hierarchy
problem. The hierarchy problem is in essence a conflict of scales: we do not consider
the SM to be a complete theory, it is a low-energy description of a more fundamental
theory, and so we only expect that the SM is valid up to some energy scale Λ which
we take to be the Planck scale MPl ∼ 1019 GeV. The conflict arises when we compare
this scale to a second fundamental scale; the electroweak scale v ≈ 246 GeV. To this
end, consider for the moment the SM Higgs potential (cf. Chapter 1)
V (HSM) = −µ2H†SMHSM + λ4
(
H†SMHSM
)2
, (2.25)
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which has a (classical) minimum at
|HSM| = µ
√
2
λ
≡ v√
2
, (2.26)
provided the sign of µ2 is positive. As can be inferred from the Higgs potential, there is
a four-Higgs-boson interaction vertex, and it is this vertex that generates a contribution
to theH†SMHSM part of the Lagrangian at one-loop order. This contribution comes from
the Higgs self-energy function, and is quadratically divergent in the cut-off Λ. I.e. it
produces a correction quadratic in the cut-off scale: λΛ2H†SMHSM. Now, since in the
minimum of the potential the value of µ is fixed by the electroweak scale v, the absolute
value of µ must be of the order of a few 100 GeV (λ should be small, since we want
our theory to be perturbative). If we take the cut-off scale to be the Planck scale
Λ ∼ MPl ∼ 1019 GeV, we need a remarkable cancellation to take place such that the
loop-corrected value of µ is still of the order a a few hundred GeV;
− µ2 + λΛ2 ∼ (100 GeV)2 . (2.27)
This means that we require µ to be equal to Λ to begin with, but with an opposite
sign. We thus need a large fine-tuning to take place. Now this large quadratic cor-
rection only affect the Higgs mass squared; the quantum corrections to the fermions
and massive gauge bosons have only a logarithmic dependence on the cut-off Λ. How-
ever, the vacuum expectation value of the Higgs field v, which is a function of µ,
cf. Eq. (2.26), sets the mass scale for the entire SM and thus the mass spectrum of
the SM is either directly or indirectly sensitive to the cut-off Λ. This problem arises
in theories containing a fundamental scalar. However, if we were to include fermion
loops in the Higgs self-energy, they also contribute to the H†SMHSM term, however with
a minus sign from the closed fermion loop. If this negative contribution would equal
the contribution from the four-Higgs-boson interaction, we could stabilize the Higgs
mass from radiative corrections. In SUSY this is indeed the case since the four-Higgs-
boson coupling constant λ and the boson-fermion coupling constants are related. This
motivates us to look for a symmetry which relates bosons to fermions. That such a
symmetry exists is then guaranteed by the HLS theorem.
However, if the new symmetry SUSY is exactly realised in nature, the supersymmetric
partners of the SM particles and the SM particles can be placed in common super-
multiplets. As a consequence the superpartners must have the same mass as the SM
particles. This is of course not the case and one is forced to conclude that SUSY is
broken (or just plain wrong). The mechanism which breaks supersymmetry is as of
yet not understood. A possibility to break SUSY is to introduce by hand terms that
break SUSY explicitly and this gives a low energy effective SUSY theory, the most
economic version being the Minimal Supersymmetric Standard Model (MSSM).
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2.4 The Higgs sector of the MSSM
In this section we will introduce the Higgs sector of the MSSM. Much of the results
derived in this section are similar in spirit to those derived in the discussion of the
Higgs sector of the type-II 2HDM in Section 2.2.
The Higgs sector of the MSSM consists of two complex doublets H1,2 of opposite
hypercharge. Whereas in the 2HDM two Higgs doublets were simply permitted by
gauge invariance, in the MSSM exactly two are required. This can be easily seen as
follows: In the SM the chiral anomalies disappear because the sum of the hypercharges
of the chiral fermions is zero. In the MSSM, introducing an additional Higgs doublet
results in an additional spin-12 particle, the Higgsino, which is the supersymmetric
partner to the charged component of the scalar field. To ensure that the theory is
anomaly free, a second Higgs doublet with opposite hypercharge is needed. In terms
of the components of these two complex doublets H1,2, the Higgs potential takes the
form
VH = m21H∗1iH1i +m22H2iH∗2i − ij(m212H1iH2j +m∗212H∗1iH∗2j)
+ 12g
2|H∗1iH2i|2 +
1
8(g
2 + g′2)(H∗1iH1i −H∗2iH21)2, (2.28)
where g and g′ are the SU(2)L and U(1)Y gauge coupling constants and m21,2 ≡
m˜21,2 + |µ|2, m˜21,2 are the real soft breaking mass terms where µ is the Higgsino mass
parameter. The indices i, j refer to the Higgs doublet components and 12 = 1. With
a suitable redefinition (we can absorb this phase in the relative phase of the Higgs
fields H1,2i), the phase of m212 may be rotated away and m212 can be treated as a real
parameter. It can be shown that one can choose a minimum for the MSSM Higgs
potential for which only the neutral components of the Higgs doublets develop real
vavuum expectation values v1 and v2 [30]. As usual we then define tan β = v2/v1. We
may then decompose the Higgs doublets as follows
H1 =
(
H11
H12
)
=
(
v1 + 1√2(φ1 − iχ1)
−φ−1
)
, (2.29)
H2 =
(
H21
H22
)
= eiξ
(
φ+2
v2 + 1√2(φ2 + iχ2)
)
, (2.30)
where ξ is a possible phase between the Higgs doublets. Expanding the potential in
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powers of the fields, the potential reads schematically
VH = φ1Tφ1 + φ2Tφ2 + χ1Tχ1 + χ2Tχ2 +
(
φ−1 , φ
−
2
)
Mφ±,φ±
(
φ+1
φ+2
)
+ 12(φ1, φ2, χ1, χ2)Mφ1φ2χ1χ2

φ1
φ2
χ1
χ2
+ . . . (2.31)
The tadpole coefficients T are given by
Tφ1 ≡
∂VH
∂φ1
=
√
2v1
(
m21 − tan βm212 cos ξ +
1
4
(
g21 + g22
)
(v21 − v22)
)
, (2.32)
Tφ2 ≡
∂VH
∂φ2
=
√
2v2
(
m22 − tan β−1m212 cos ξ −
1
4
(
g21 + g22
)
(v21 − v22)
)
, (2.33)
Tχ1 ≡
∂VH
∂χ1
= −√2v2m212 sin ξ, (2.34)
Tχ2 ≡
∂VH
∂χ2
= − v1
v2
Tχ1 . (2.35)
The matrix Mφ1φ2χ1χ2 reads ( Mφ Mφχ
M†φχ Mχ
)
, (2.36)
where the submatrices are given by
Mφ =
 m21 + m2Z2v2 (3v21 − v22) − cos ξm212 − v1v2v2 m2Z
− cos ξm212 − v1v2v2 m22 +
m2Z
2v2 (3v
2
2 − v21)
 , (2.37)
Mχ =
 m21 + m2Z2v2 (v21 − v22) − cos ξm212
− cos ξm212 m22 + m
2
Z
2v2
(
v22 − v21
)
 , (2.38)
Mφχ =
(
0 sin ξm212
− sin ξm212 0
)
, (2.39)
where we have made use of
m2Z =
1
2(g
2
1 + g22)(v21 + v22) =
1
2(g
2
1 + g22)v2. (2.40)
Contrary to the general Higgs potential (2.1), the minimisation conditions must be
explicitly worked out for the MSSM Higgs potential. To this end we must set the
tadpole coefficients to zero. We immediately observe that the tadpole coefficients Tχ1
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and Tχ2 vanish only if the phase ξ equals zero. This means that the matrix Mφχ is
zero and that at lowest order there is no mixing between the neutral fields, contrary
to the Higgs potential of the type-II 2HDM (cf. Section 2.2.2) where the CP-even
and CP-odd eigenstates can already mix at tree-level. At tree-level, the MSSM Higgs
sector is thus CP-conserving. CP-violation in the Higgs sector can however be induced
at higher orders and we will discuss this in Section 2.5. We may now work out the
minimisation conditions. This allows us to express the parameters m21 and m22 in terms
of tan β and m212. We find
m21 = tan βm212 −
1
2m
2
Z cos 2β, (2.41a)
m22 = cotβm212 +
1
2m
2
Z cos 2β. (2.41b)
To find the mass eigenstates and eigenvalues the procedure is clear. Similar to the
2HDM Higgs potential, we require two mixing angles α and β to rotate the fields φi and
χi into their mass eigenstates and we then have two neutral pseudoscalar states A,G
and two neutral scalar states h,H. The Higgs bosons A,G and h,H are in complete
analogy to those of the type-II 2HDM (cf. Section 2.2.1) CP-odd and CP-even states
respectively. To find the mass eigenvalues, we substitute the minimisation conditions
Eq. (2.41) and the matrix Mχ becomes:
M =
(
m212 tan β −m212
−m212 m212 cotβ
)
. (2.42)
As expected the Goldstone boson G is massless, whereas for the mass of the pseu-
doscalar Higgs boson A we find
m2A = m212(tan β + cotβ). (2.43)
The neutral mass matrixMφ then reads
Mφ =
(
m212 tan β +m2Z cos2 β −m212 −M2Z sin β cosβ
−m212 −M2Z sin β cosβ m212 cotβ +m2Z sin2 β
)
, (2.44)
and we find for the eigenvalues
m2h,H =
1
2
(
m2A +m2Z ∓
√(
m2A +m2Z
)2 − 4m2Am2Z cos2 2β) . (2.45)
The mass eigenvalues obey the sum rule
m2h +m2H = m2A +m2Z . (2.46)
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In the charged sector we find (without proof)
m2H± = m2A +m2W . (2.47)
The mixing angle is now no longer an independent parameter, instead it is a function
of the Higgs masses and the Higgs field vacuum expectation values. One finds
cos 2α = − cos 2β
(
m2A −m2Z
m2H −m2h
)
, (2.48)
sin 2α = − sin 2β
(
m2H +m2H
m2H −m2h
)
. (2.49)
We note that in contrary to the Higgs sector of the type-II 2HDM, the Higgs masses
and mixing angle α in the MSSM are no longer independent quantities. Usually one
chooses mA and tan β as the independent parameters.
2.5 Radiatively induced CP phases
In the previous section we have seen that at tree-level, the Higgs sector of the MSSM
is CP-conserving and there is no mixing between the three physical neutral Higgs
bosons. However, apart from the Yukawa interactions to the quarks, there can be
additional CP-violating phases in the MSSM. These phases stem from the soft-SUSY
breaking terms and include the trilinear sfermion couplings Af and the Higgsino mass
parameter µ which can be complex parameters in general. An non-zero phase ξ (cf
Eq. (2.30)) can now be induced by computing the radiative corrections to the tree-
level potential in the presence of the CP-violating phases ϕµ and ϕAf [31,32,33,34,35].
This can be seen in the following way: The dominant contributions to the one-loop
effective potential come from CP-violating interactions involving the trilinear coupling
of the top-squark to the Higgs fields. When the one-loop corrections are added to the
tree-level potential (2.28), one finds that the tadpole coefficients Tχ1 and Tχ2 no longer
vanish identically for ξ = 0. In fact, the solution is now given by [36]
sin ξ ∼ |µ||At|
m2A sin 2β
sin (ϕµ + ϕAt) , (2.50)
where ϕµ, ϕAt are the phases of the Higgsino mass parameter µ and the trilinear
stop coupling At respectively. We thus see that in this case there can be mixing
between the CP-odd and CP-even states in the MSSM. As in the type-II 2HDM we
will denote the physical neutral states by h1,2,3. We conclude this discussion by noting
the following subtlety: Besides inducing a non-zero phase ξ, radiative corrections also
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induce additional terms [31,37,38,39], for example of the form4 λ(H†1H2)2+λ∗(H†2H1)2,
which explicitly violate the CP-invariance (These terms are non-invariant under H1 →
−H1). If one allows for CP-violating phases, it is common to use the mass mH+ of
the charged Higgs boson as an independent parameter instead of the mass mA of the
pseudoscalar Higgs boson .
The MSSM includes many more particles and interactions. The salient features of
the MSSM particle content needed for the discussions in this thesis are discussed in
Appendix A.
4There are 4 additional terms which can be induced through radiative corrections.
20
Ich mag sie nicht und es tut mir leid jemals etwas
damit zu tun gehabt zu haben.
Erwin Schro¨dinger 3
Topcolor assisted Technicolor
In the previous chapter we reviewed two prime candidates for theories with an ex-
tended EWSB sector; the type-II 2HDM and the MSSM. In these theories (and in
the SM) the electroweak interactions are broken down to electromagnetism through
elementary spin-zero scalar fields. The Higgs mechanism tells us that in these theories
the massless Goldstone bosones transmute into the longitudinal degrees of freedom of
the electroweak gauge bosons, whereupon these acquire masses. As an alternative we
can consider breaking the electroweak symmetry dynamically. In theories of dynami-
cal electroweak symmetry breaking there are no elementary scalars; instead the scalar
particles are spinless composites of a new set of fermions held together by new strong
gauge interactions. In this chapter we will review a paradigm for dynamical elec-
troweak symmetry breaking, namely Topcolor assisted Technicolor [40, 41, 42] which
is still a viable candidate for a model of dynamical electroweak symmetry breaking.
Before we introduce the concept of Topcolor assisted Technicolor, it is useful to first
give a introduction to the concept of dynamical electroweak symmetry breaking. We
will do this by considering a toy-model. This introduction might appear somewhat
lengthy, but it is necessary to appreciate the ideas underlying the concept of Techni-
color. After this discussion of the toy-model we can immediately extend the freshly
introduced concepts to Technicolor [43,44,45].
But let us first consider our toy-model; it consists of a massless doublet of quarks u
and d interacting only through QCD. We will neglect the electroweak interactions at
first. We will see that in this toy-model without fundamental scalars, once we include
the electroweak interactions, the electroweak gauge bosons can acquire masses.
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3.1 A toy-model
Consider the quark Lagrangian for a two-flavour theory of massless quarks u and d
(we will suppress all colour and spinor indices)
L = −u¯i /Du− d¯i /Dd ≡ −q¯i /Dq, (3.1)
where q denotes the quark doublet (u, d)T . /D denotes the SU(3)c covariant derivative:
/D = /∂+igs /AaT a where gs is the QCD strong coupling constant and T a are the SU(3)c
generators. If we define the left- and right-handed fields qL,R by
qL,R ≡ PL,Rq, PL,R = 12 (1∓ γ5) , (3.2)
we can write the quark Lagrangian (3.1) as
L = −q¯Li /DqL − q¯Ri /DQR. (3.3)
We see immediately that, apart from the local SU(3)c transformations, the quark
Lagrangian (3.3) is invariant under global SU(2)L × SU(2)R transformations of the
left- and right-handed fields qL,R1, i.e. under the transformations
qL → exp
(
−iα
iτ i
2
)
qL and qR → exp
(
−iβ
iτ i
2
)
qR. (3.4)
The matrices τ i are the two-dimensional Pauli matrices. Explicit quark mass terms
in the quark Lagrangian (3.3) are forbidden since they violate the SU(2)L × SU(2)R
symmetry. Associated with these symmetries are the currents jµiL,R given by
jµiL = q¯Lγ
µ τ
i
2 qL, j
µi
R = q¯Rγ
µ τ
i
2 qR. (3.5)
Adding and subtracting, we define the vector and axial vector currents by
jµi = jµiR + j
µi
L = q¯γ
µ τ
i
2 q, j
µi
5 = j
µi
R − jµiL = q¯γµγ5
τ i
2 q. (3.6)
Now, as we enter the low-energy regime of QCD, QCD becomes strongly coupled
and quark and anti-quark states bind together and form colour-singlet condensates.
1Furthermore there are two global U(1) symmetries:
q → e−iαq, q → e−iα′γ5q.
They are however irrelevant to the discussion in this section.
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This vacuum state with a quark anti-quark condensate is characterized by a non-zero
vacuum expectation value of the scalar operator
〈0|u¯u+ d¯d|0〉 6= 0. (3.7)
We observe immediately that the vacuum, or ground state, is now no longer invariant
under the global SU(2)L×SU(2)R transformations. Instead it now possesses a global
SU(2)L+R symmetry, i.e. the symmetry whereby the left- and right-handed fields trans-
form equally. The original symmetry had 6 generators, the ground state now only has
three symmetry generators. This means that according to the Nambu-Goldstone the-
orem [46, 47] there must exist three massless Goldstone bosons associated with the
three broken symmetry generators. These massless Goldstone bosons are called pions
pi±, pi0. An important constant in this context is the so-called pion decay constant fpi.
It is defined by
〈0|jµi5 (x)|pij(p)〉 = −ifpiδijpµe−ip·x. (3.8)
By measuring fpi in pion decays one obtains fpi ∼ 93 GeV. Instead of defining the
current jµi5 through the quark field q, we can define the current through the pion fields
pii:
jµi5 = fpi∂µpii = q¯γµγ5
τ i
2 q, (3.9)
or equivalently
jµ+5 =
√
2fpi∂µpi+ = d¯γµγ5u, (3.10)
jµ−5 =
√
2fpi∂µpi− = u¯γµγ5d, (3.11)
jµ05 = fpi∂µpi0 =
1
2
(
u¯γµγ5u− d¯γµγ5d
)
, (3.12)
(3.13)
where the charged currents and pions are given by
jµ± = jµ15 ∓+ijµ25 , pi± =
1√
2
(pi1 ∓ ipi2) . (3.14)
Imagine that we now include the SU(2)L ×U(1)Y electroweak interactions, but with-
out the fundamental scalar fields which are usually introduced to give masses to the
W±- and Z bosons. One would expect that the mass spectrum now includes four
massless gauge bosons. However we shall see that the massless pions combine with the
massless gauge bosons to form massive gauge bosons. Once we include the electroweak
interactions, the gauge bosons couple derivatively to the massless pions. The couplings
of the charged pions to the W±-bosons, for example, are given by
g
2fpiW
+
µ ∂
µpi+ + g2fpiW
−
µ ∂
µpi−, (3.15)
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where g is the SU(2)L weak isospin coupling constant. By examining the structure
of the propagator Πµν of the W± gauge bosons we can see how they acquire masses.
If we drop all indices for simplicity, the full propagator is given by summing all the
diagrams shown in Figure 3.1:
Figure 3.1: Corrections to the
W±-boson propagator from mass-
less pion exchange.
W±
+
W± pi± W±
+ . . .
Π = 1
p2
+ 1
p2
(
gfpi
2
)2 1
p2
+ . . .
= 1
p2
(
(gfpi/2)2
p2
+ . . .
)
= 1
p2 − (gfpi/2)2
. (3.16)
We see that through the massless pion exchange the propagator pole is shifted from
zero to (gfpi/2)2. This implies that the W±-boson has acquired a mass
m2W =
g2f2pi
4 . (3.17)
We see that, except for the scale, QCD breaks the electroweak symmetry in exactly
the right way. Since the theory’s constituents, the fermion condensate 〈q¯q〉, breaks the
symmetry, we call this mechanism of symmetry breaking dynamical. There is thus no
fundamental scalar in this theory.
3.2 Technicolor
Technicolor (TC) [43, 44, 45] is essentially a scaled-up version of QCD. The mini-
mal model postulates a doublet Q = (U,D)T of new massless quarks, called tech-
niquarks, which transform in the fundamental representation of a new strong gauge
group SU(NTC). This new strong interaction completely mimics the behaviour of
SU(3)c. Under the SM gauge group SU(3)c×SU(2)L×U(1)Y they are color singlets,
the left-handed components of the techniquarks transform as doublets under the weak
isospin gauge group SU(2)L, whereas the right-handed components transform as sin-
glets under weak isospin. The left-handed techniquark doublet and the right-handed
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techniquark singlets are thus assigned the following quantum numbers under the gauge
group SU(NTC)× SU(3)c × SU(2)L × U(1)Y :(
UL
DL
)
∼ (NTC , 1, 2, 0) , (3.18)
UR ∼ (NTC , 1, 1, 1/2) , (3.19)
DR ∼ (NTC , 1, 1,−1/2) . (3.20)
Note that the electric charge generator is given by Q = T 3 + Y/2. The hypercharge
assignments are such that the theory is anomaly free. The techniquarks then have
charges Q = ±1/2. The pion decay constant must now be chosen such that it obeys
the relation
m2W =
g2f2pi
4 = (80 GeV)
2 . (3.21)
This implies that the pion decay constant is of the order of the electroweak scale
fpi ∼ 246 GeV and that the typical Technicolor scale ΛTC is of the order of 1 TeV.
The reasoning from Section 3.1 can be applied, and the pions, now called technipions,
dynamically break down the electroweak symmetry and the gauge bosons become
massive.
So far, we have seen that Technicolor provides a mechanism to dynamically break the
electroweak symmetry and supply the right mass to the electroweak gauge bososns.
However, we have not yet discusssed the origin of the masses of the quarks and leptons
within the framework of Technicolor, and indeed, within this framework it is not
possible to accomodate these masses without breaking the gauge invariance explicitly.
A solution to this problem lies within the concept of extended Technicolor (ETC). For
our present discussion a detailed explanation of ETC is not necessary. A few words
however will suffice to introduce this model. In ETC one assumes that there is a
larger, or extended Technicolor gauge group GETC which breaks down to the ordinary
Technicolor gauge group GTC at some scale ΛETC . The quarks and techniquarks are
charged under GETC and are placed in common multiplets of GETC . Furthermore,
the ordinary quarks are singlets under GTC . Below the Technicolor scale ΛTC , the
Technicolor symmetry is broken and the techniquarks condense, thereby generating
masses for the electroweak gauge bosons as discussed in the previous section. The
extended Technicolor sector ‘communicates’ with the ordinary quarks only through
gauge interactions as is shown in Figure 3.2. The four-fermion interactions take the
form (where METC is the mass scale of the ETC gauge bosons)
L4Fermi ∼ g
2
ETC
M2ETC
(
Q¯γµq
)
(q¯γµQ) (3.22)
which after a Fierz transformation may be written as
L4Fermi ∼
(
Q¯Q
)
(q¯q) +
(
Q¯γ5Q
)
(q¯γ5q) + . . . . (3.23)
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Figure 3.2: Communication of the ETC sector with ordinary quarks via ETC gauge inter-
actions. The heavy gauge fields are integrated out and a four-fermi interaction between the
techniquarks and ordinary quarks arises.
The techniquark condensate 〈Q¯Q〉 then generates a mass for the quarks. For the sake
of the argument we have only introduced one species of techniquarks giving mass to
one species of quarks. To generate the spectrum of quark masses, an entire family of
techniquarks is needed. The spirit of the argument remains essentially the same.
3.3 Topcolor
Although the concept of extended Technicolor provides, at first glance, an appealing
mechanism of generating quark and lepton masses without introducing a fundamental
scalar to the theory, it suffers from some serious drawbacks. The ETC gauge bosons
can in general also couple fermions to fermions which leads to flavour changing neutral
currents. Furthermore it is impossible to obtain the large top quark mass in ETC
models, A possible solution of this problem goes by the name of Topcolor [48, 49] in
which a strong interaction called Topcolor forms top quark condensates 〈t¯t〉 and the
large top quark mass is generated dynamically. We will briefly examine such a model
in this section.
In the simplest model of Topcolor one extends the symmetry group at higher scales
to SU(3)1 × SU(3)2 × U(1)1 × U(1)2 × SU(2)L, where it is assumed that the group
SU(3)1 × U(1)1 couples to the third generation only while the group SU(3)2 × U(1)2
couples to the first and second generation quarks and leptons. At a scale of a few
TeV the SU(3)1 × SU(3)2 breaks down to SU(3) which we identify with the colour
group of QCD. This breaking gives rise to an octet of massive gauge bosons called
colorons. The U(1)1×U(1)2 breaks down to U(1)em producing a massive vector boson
Z ′ with strong couplings to third generation quarks and leptons. The colorons mediate
attractive forces between the top and bottom quarks whereas the Z ′ is attractive in
the t-channel, but repulsive in the b-channel (whereby avoiding the formation of a 〈bb¯〉
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condensate). The combined attractive force leads to 〈t¯t〉 condensates which break the
chiral symmetries associated with the top quark.
We have not yet explained how in Topcolor the top mass is generated. A thorough
explanation lies beyond the scope of this chaper, but we can briefly sketch the mecha-
nism: The Topcolor interaction is assumed to be an effective four-fermi interaction of
the form
G(q¯LtR)(t¯RqL), (3.24)
where qL is the left-handed doublet qL = (tL, bL)T and G is a coupling constant with
dimension (mass)−2. The top quark mass mt is then determined a` la Nambu-Jona-
Lasinio [50,51] by solving the gap equation [52]
mt = 6Gmt
i
(2pi)4
∫ Λ
0
d4p
p2 −m2t
. (3.25)
This equation has a non-trivial solution, which is determined from
m2t ln
Λ2
m2t
= Λ2 − 8pi
2
3G . (3.26)
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In the previous sections we have seen several models of dynamical electroweak sym-
metry breaking. Unfortunately each model has its phenomenological and theoretical
drawbacks. A model of dynamical symmetry breaking which is still phenomenologi-
cally viable is the so-called model of Topcolor assisted Technicolor (TC2) [42,41,53,54]
which combines the concepts of electroweak symmetry breaking through ETC inter-
actions and generating a large enough top quark mass through Topcolor interactions.
For definiteness we will only consider a TC2 model with one family of techifermions
which are SU(3)c singlets.
In Topcolor assisted Technicolor it is assumed that there are two separate strongly
interacting sectors, a Topcolor sector and an extended Technicolor sector, to account
for the large top mass and EWSB. The ETC sector accounts for most of the EWSB
through the condensation of technifermion pairs, 〈T¯ T 〉 (cf. Section 3.4), but contributes
only little to the top quark mass, whereas the Topcolor sector contributes little to
EWSB and generates most of the top quark mass. In TC2 the top quark mass then
has a:
1. large dynamical mass component (1 − )mt through condensation of top quark
pairs 〈t¯t〉,
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2. a small component, mt,  1, generated by extended Technicolor dynamics,
3. the Topcolor dynamics is assumed to be spontaneously broken by TC at the
scale ∼ 1 TeV, and it is coupled preferentially to the third generation.
The gauge group, from Section 3.3, is given by SU(3)1 × SU(3)2 × U(1)1 × U(1)2 ×
SU(2)L. Now, as to the physical states of this model, the following holds: since
EWSB occurs through two different sectors (there is the Topcolor associated breaking
and the breaking due to ETC dynamics), we have two different Goldstone bosons
triplets. Forming linear combinations, one such combination forms the Goldstone
bosons transmuting into the longitudinal degrees of freedom of the W± and Z bosons,
whereas the other linear combinations form three physical pseudo-Goldstone bosons,
also called top-pions. The scalars of this theory are all composite scalars and we can
arrange them in SU(2)L doublets. We follow the conventions of [55]. The kinetic term
of the Lagrangian is
Lkin = (DµΦt)† (DµΦt) + (DµΦETC)† (DµΦETC) , (3.27)
where the subscript t denotes the Topcolor sector and the subscript ETC the extended
Technicolor sector. The covariant derivative Dµ is given by
Dµ = ∂µ + ig
τ i
2 W
i
µ + ig′
Y
2 Bµ, (3.28)
where g and g′ are the SU(2)L and U(1)Y gauge coupling constants. The SU(2)L
doublets can be written as
Φt =
(
fpi+Ht+ipit√
2
ipi−t
)
(3.29)
ΦETC =
(
vT+HETC+ipiETC√
2
ipi−ETC
)
, (3.30)
where fpi is vacuum expectation value of the top quark condensate 〈t¯t〉. By forming
linear combinations of the Goldstone fields as mentioned earlier, we find the following
Goldstone bosons and the physical top-pions (pseudo-Goldstone bosons)
{w,w±} = fpi{pit, pi
±
t }+ vT {piETC, pi±ETC}
v
, (Goldstone bosons) (3.31)
{Π,Π±} = vT {pit, pi
±
t } − fpi{piETC, pi±ETC}
v
, (top-pions) (3.32)
where v2 = f2pi + v2T = (246 GeV)2. The spin-zero states of TC2 are all bound states
of t, b and of the technifermions. The neutral techni-Higgs Ht is a t¯t bound state and
its mass can be estimated to be of the order of 2mt [56]. The techni-Higgs HETC is a
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bound state of technifermions and its mass is of the order of 1 TeV. These two neutral
scalars are analogous to the neutral Higgs bosons h and H of the type-II 2HDM (cf.
Section 2.2). The top-pions Π,Π± are analogous to the pseudoscalar Higgs boson A
and the charged Higgs bosons H± of the type-II 2HDM . The Yukawa Lagrangian can
be written as
LY uk = −Yt
(
q¯LΦttR + t¯RΦ†tqL
)
− t
(
q¯LΦETC tR + t¯RΦ†ETCqL
)
, (3.33)
where Yt is the Topcolor Yukawa coupling and t is the small ETC contribution,
qL denotes the left-handed doublet qL = (tL, bL)T . After expanding, the Yukawa
Lagrangian reads
LY uk,t = − 1√2 (Ytfpi + tvT ) t¯t−
1√
2
(YtHt + tHETC) t¯t
− i
v
√
2
(YtvT − tfpi) Πt¯γ5t. (3.34)
From Eq.(3.34), we see that the top quark mass is given by mt = (Ytfpi + tvT ) /
√
2.
The TC2 model is formally equivalent to an effective type-II 2HDM. By relating the
couplings of the TC2 with those of the type-II 2HDM, namely the mixing angles α
and β, see Section 2.2, we find
Yt =
√
2mt
v
sinα
sin β , (3.35)
t =
√
2mt
v
cosα
sin β , (3.36)
fpi = v (cosβ cosα+ sin β sinα) , (3.37)
vT = v (sin β cosα− sinα cosβ) . (3.38)
With these relations one can translate the 2HDM couplings to those of the TC2. Using
the above equations, one finds that
sin β =
√
2mt
v
1√
2t + Y 2t
≈ 1
Yt
. (3.39)
The Yukawa coupling Yt is maximal for t = 0, Yt ≈ 4. This means that the sin β ≈
0.25. We thus see that the TC2 model is an effective type-II 2HDM for small values
of tan β. The Topcolor dynamics are not intended to generate a mass for the bottom
quark, however, a small contribution m∗b is possible through instanton effects. The
ETC interactions then generate the bulk of the bottom quark mass through a Yukawa
coupling b. The Lagrangian for the Yukawa interactions then reads
LY uk,b =
(
m∗b +
bvT√
2
)
b¯b− i
v
√
2
(√
2m∗b
fpi
vT − bfpi
)
Πb¯γ5b. (3.40)
The Yukawa coupling b is very small, of the order of O
(
10−2
)
.
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3.4.1 Anomalous top-pion couplings
In analogy to the electrically neutral QCD pion that couples to photons through the
chiral anomaly [57, 58, 59], the top-pion Π has couplings to electroweak gauge bosons
as well [58, 59, 60]. For a one-family model of technifermions, which we will assume
throughout the rest of this work, the anomalous coupling of Π to a pair of gauge bosons
V V ′ can be written as
SΠV V ′
8
√
2pi2fpi
εµναβ
µ
1 
ν
2k
α
1 k
β
2 (3.41)
where ε1,2 and k1,2 are the polarisation vectors and four momenta of the gauge boson
V and V ′, respectively. For the pairs of gauge bosons γγ, Zγ and ZZ the anomaly
factors S read [59,61,62]:
SΠγγ =
12e2√
6
, (3.42)
SΠZγ = e2
√
61− 4s
2
W
s2W
, (3.43)
SΠZZ = − 3e
2
√
6
2− 4s2W
c2W
, (3.44)
where sW denotes the sine of the weak mixing angle sin θW . The anomalous coupling
ΠW−W+ is zero.
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Status of models with a fourth
generation
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Travel in all the four quarters of the earth, yet you
will find nothing anywhere. Whatever there is, is only
here.
Ramakrishna 4
Electroweak precision observables and a
heavy fourth generation
One of the conceptually simplest ways of extending the SM is by adding a fourth
sequential generation of quarks and leptons. This extension will be denoted by SM4.
These additional fermions and quarks can either be chiral (no explicit mass terms
are allowed in the Lagrangian) or vectorial (explicit mass terms are allowed). In this
section we will discuss an extension of the SM by a sequential generation of chiral
quarks and leptons. In addition one can easily augment an extension of the SM, in
this case a type-II 2HDM, with a sequential fourth generation of chiral quarks and
leptons. We will denote this model by 2HDM4.
A fit of the parameters of the SM4 (or 2HDM4) to electroweak precision observables
(EWPOs) can provide valuable information on the flavour structure of the SM4. Usu-
ally the effects of new physics in the electroweak sector are parameterised by the
oblique electroweak parameters S, T and U [63, 64, 65, 66] which are finite combina-
tions of vacuum polarisation loops. These parameters allow for a fairly simple and
straightforward estimate of the SM4 and 2HDM4 contributions to EWPOs. However
this is based on certain assumptions regarding the flavour structure of the specific SM
extension which, in principle, needn’t hold in the SM4 or 2HDM4.
In this chapter we calculate and discuss the contributions to EWPOs due to a fourth
generation of fermions with the most general (quark-) flavour structure in both the
SM4 and the 2HDM4. We compute and discuss the non-oblique corrections, i.e. those
that are not parameterised by the oblique parameters, to several EWPOs and compare
these predictions with those parameterised by the oblique parameters. We will assume
that the fourth generation neutrino is a Dirac neutrino and that there is a trivial flavour
structure in the lepton sector. Some of the results in this chapter were published in [67].
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4.1 Motivation
There are well motivated reasons for investigating the possible existence of new heavy
quarks and leptons. Let us briefly list several reasons why one should keep an open
eye:
1. In order to satisfy the Sakharov conditions to explain the baryon asymmetry of
the universe, the SM with three generation of quarks falls short. It has been
pointed out that an additional generation of heavy quarks [68, 69, 70, 71] can
provide enough CP-violation to explain the baryon asymmetry.
2. In several exotic extensions of the SM [72,73] additional (stable) fermions appear
which might serve as dark matter candidates.
3. Partial wave unitarity provides an upper mass limit of around 1 TeV on the
masses of additional fermions [74]. Therefore the LHC should be able to discover
these new fermions or exclude them [75].
However, direct Higgs searches at the LHC interpreted in the SM4 place strong mass
bounds on the Higgs boson in the SM4. And the parameter space to hide in becomes
smaller and smaller. We will discuss this in more detail in Section 4.2.
As we mentioned earlier, an important method to constrain the SM4 parameters (be-
sides the new fermions masses, new mixing angles arise) is by means of a global fit
to the electroweak precision data measured by the LEP, Tevatron and LHC exper-
iments [76]. Assuming that the dominant virtual contributions to the electroweak
observables arise through vacuum polarisation loops, one can parameterise the contri-
butions from BSM physics by only three parameters1, the so-called oblique parameters
(or Peskin-Takeuchi parameters) [63,64,65,66]. These parameters are denoted by S, T
and U . The oblique parameters are defined in such a way that they vanish identically
in the SM. In Section 4.4 we will define and discuss these parameters more carefully.
For a given model, the prediction of any EWPO O is given by
O = OSM,ref + F (S, T, U), (4.1)
where the function F is a linear function of the oblique parameters S, T and U . The
observable O is evaluated at a SM reference point, usually at reference values for the
Higgs boson mass mHSM and the top quark mass mt. The oblique parameters are then
determined from the fit by comparing the measured electroweak precision observables
with the respective theory predictions of Eq. (4.1). Any observed deviation from zero
would then point towards possible BSM physics.
1Provided that the scale of the new physics is high enough. Otherwise additional parameters are
required.
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Much effort has been directed towards actually fitting the parameters of the SM4 to
the electroweak precision data [77, 78, 79, 80, 81, 82, 83]. These works all made several
assumptions regarding the flavour structure of the SM4. In [76] it was shown that
for vanishing mixing with the three SM fermion generations, the SM4 can be brought
into accordance with the electroweak precision data. However, if a general flavour
structure is allowed, the oblique parameters no longer provide an adequate enough
approximation of the new physics effects. And it is this issue we address in this
chapter:
If one attempts to constrain the flavour structure of a model with a fourth
generation of chiral quarks and leptons by EWPOs, the non-oblique contri-
butions should be included for consistency, since the conventional method
of expressing the EWPOs in terms of the oblique electroweak parameters
S, T and U relies on assumptions which effectively neglect any non-trivial
flavour structure.
To this end we will discuss the contributions to EWPOs due to a fourth generation
with general 4×4 flavour mixing in the SM4 and in an extension of the type-II 2HDM
with a fourth generation of chiral quarks and leptons. The calculation can easily be
combined with existing calculations of higher-order QCD and QED corrections with
three generations of quarks and leptons. It is important to emphasise that the methods
used in this chapter do not depend on the particular extension we are considering.
They are applicable to any SM extension with a heavy fourth generation that mixes
with the known three fermions generations.
4.2 A sequential fourth generation
We will extend the existing three-generation SM by adding an extra generation of
leptons and quarks with the same quantum numbers as the SM leptons and quarks.
The fourth generation leptons and quarks are denoted by
ν4, `4, b
′, t′. (4.2)
The extension of the 3 × 3 unitary CKM matrix to a 4 × 4 unitary matrix is treated
in Appendix E.
4.3 Escaping the bounds
Present day collider experiments have set mass bounds on these new fourth generation
leptons and quarks. Lower bounds on the masses come from direct searches at LEP,
35
4 Electroweak precision observables and a heavy fourth generation
Tevatron and LHC and from the oblique parameters S and T . The non-observation
of fourth generation fermions at LEP implies the lower bounds m`4,ν4 & 100 GeV [84].
The CMS collaboration [85,86] have set 95% CL lower limits of mb′ = mt′ & 500 GeV.
Further restrictions on the SM4 parameter space are placed by direct Higgs searches
and lead to bounds on the Higgs boson mass. The presence of a fourth generation
increases the production cross section σ(gg → HSM) by approximately a factor of nine.
The CDF collaboration [87] studied the process gg → HSM → W+W− and excluded
at 95% CL a SM Higgs boson with masses between 145 GeV < mHSM < 185 GeV
for a fourth generation. Recently the ATLAS and CMS experiments have set even
stronger limits on the SM Higgs mass in the presence of a fourth sequential generation.
The ATLAS collaboration [88] confirms the previous exclusion window of the CDF
experiment and excludes at 95% CL the mass range 140 GeV < mHSM < 185 GeV. The
strongest mass exclusions come from the CMS collaboration [89]. By reinterpreting
their SM Higgs boson searches, the CMS collaboration excludes at 95% CL the mass
range 120 GeV < mHSM < 600 GeV for a SM Higgs boson and a fourth sequential
generation.
These bounds may be relaxed however and there are several ways to achieve this. The
Higgs boson mass bounds can be relaxed if one:2
1. extends the SM by an additional Higgs doublet, i.e. a type-II 2HDM, thereby
modifying the search channels h→WW ∗/ZZ∗ [91]
2. considers invisible SM Higgs decays [92, 93, 94], i.e. the SM Higgs decays into a
fourth generation neutrino for a light Higgs with mHSM < 170 GeV.
It is interesting to spend a few words on the second possibility, i.e. the SM Higgs
boson decaying into fourth generation neutrinos and thereby escaping detection. If
the fourth generation neutrino ν4 is stable (at least on collider time scales3), then the
LEP mass bounds no longer apply. In fact, they are considerably weakened. The mass
exclusion bounds were made under the assumption that there are no additional lighter
states into which the SM Higgs boson can decay. However, if the fourth generation
neutrino is light enough, the situation changes. The DELPHI collaboration [98] has
set the following lower bound on a stable fourth generation Dirac neutrino
mν4 > 45 GeV, (4.3)
where the bound was obtained from the Z-boson invisible width. The decay width of
2A general option is to modify the Higgs production via gluon fusion. In [90] a 2HDM was studied
where the light Higgs boson h does not couple to the fourth generation.
3One must be careful addressing this issue, if the fourth generation neutrino were truly a stable
particle, it could serve as a dark matter candidate, and one would run into conflict with dark
matter direct search experiments [95,96,97].
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a SM Higgs boson into a Dirac neutrino reads
Γ(HSM → ν4ν¯4) =
g2m2ν4mHSM
32pim2W
(
1− 4m2ν4
m2HSM
)3/2
. (4.4)
The competing decay channel is then the bb¯ decay channel, where the width is given
by
Γ(HSM → bb¯) = 3g
2m2bmHSM
32pim2W
(
1− 4m
2
b
m2HSM
)3/2
. (4.5)
For light Higgs bosons, i.e. with masses < 2mW , the ratio of the decay widths is
approximately m2ν4/3m
2
b and the decay into fourth generation neutrinos dominates
the decays into bottom quarks and the branching ratio for HSM → ν4ν¯4 can reach
up to 80% (for mHSM = 150 GeV [99]). Furthermore, in certain regions of the SM4
parameter space, the ratio of the HSM → WW ∗ branching ratio and the HSM → ν¯4ν4
branching ratio may be reduced by more than a factor of 9, exactly the factor by
which the Higgs production through gluon fusion is enhanced in the SM4 [99, 100].
Consequently, the number of Higgs events in the SM4 need not exceed those predicted
by the SM, and the lower bound on the Higgs mass mHSM > 120 GeV no longer applies.
In a further recent study it was shown that if the SM Higgs boson decays invisibly
into fourth generation neutrinos, the current exclusion limits on the Higgs mass in the
SM4 can be relaxed [93] and the lower exclusion bound on the Higgs boson mass in
the SM4 is lifted to 170 GeV. This is not surprising, the new lower bound now sets
in at the WW threshold, for which it is known that the decays into gauge bosons
W+W−/ZZ dominate.
Although strong experimental constraints on the fourth generation masses exist, and
consequently on the Higgs boson mass in the SM4, we have seen that there are scenarios
possible, or loopholes if one wishes, for which collider experiments cannot exclude a
fourth generation so far. These scenarios rely on the fact that if the SM Higgs boson
decays invisibly into fourth generation neutrinos, the branching ratios of the most
promising SM Higgs discovery channels are reduced.
4.4 The oblique parameters
As we have pointed out in the opening words of this chapter, under certain assump-
tions, the effects of new physics on EWPOs may be captured by only three param-
eters. These parameters are called the oblique (or Peskin-Takeuchi) parameters S, T
and U [63, 64, 65, 66]. We will adopt the definition of [66]. The assumptions under
which the oblique parameters encode the effects of new physics are:
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1. The electroweak gauge group is SU(2)L × U(1), i.e. there are no new gauge
bosons,
2. the new physics couples only weakly to light fermions,
3. the intrinsic scale of the new physics is much larger than the electroweak scale.
The oblique parameters are finite linear combinations of the electroweak gauge bo-
son self-energies. If we denote by ΠµνXY (q2) any gauge boson self-energy with XY ∈
{ZZ,W±W±, γγ, Zγ, γZ}, then we may decompose the self-energy as follows
ΠµνXY (q
2) = ΠXY (q2)gµν + terms proportional to qµqν . (4.6)
The vacuum polarisation function ΠXY (q2) can be decomposed into a universal part
containing all the SM radiative corrections and a part containing the new physics
effects. We write
ΠXY (q2) = ΠSMXY (q2) + δΠXY (q2). (4.7)
In terms of the self-energies, the oblique parameters read
S = 4s
2
W c
2
W
α
[
δΠZZ(m2Z)− δΠZZ(0)
m2Z
− c
2
W − s2W
sW cW
δΠ′Zγ(0)− δΠ′γγ(0)
]
, (4.8)
T = 1
α
[
δΠWW (0)
m2W
− δΠZZ(0)
m2Z
]
, (4.9)
U = 4s
2
W
α
[
δΠWW (m2W )− δΠWW (0)
m2W
− s2W δΠ′γγ(0)− 2sW cW δΠ′Zγ(0)
−c2W
δΠZZ(m2Z)− δΠZZ(0)
m2Z
]
, (4.10)
where sW and cW are the sine and cosine of the weak mixing angle respectively and
α is the fine structure constant α = e2/(4pi). The prime denotes differentiation with
respect to q2, i.e. Π′XY = ∂ΠXY /∂q2. We see from the definition that the oblique
parameters in the SM vanish identically.
4.5 EWPOs and the SM4
As was pointed out in the introduction to this chapter, we will focus on EWPOs in
the SM4 with a general flavour structure and on the Z-pole observables in particular,
since these not only contain oblique corrections, but also vertex corrections mediated
directly by the heavy quarks t′ and b′. The properties of the Z-boson and its couplings
to fermions have been measured at LEP with a very high accuracy. Table 4.1 shows
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the experimental values and accuracies for a selection of Z-pole observables as well as
their theoretical predictions within the SM. The observables are: the partial width for
Z → hadrons (Γhad), the hadronic branching fraction for Z → bb¯ (Rb), the forward-
backward asymmetry for Z → bb¯ (AbFB) and the mass mW of the W -boson. In the
Z-pole approximation, the forward-backward asymmetry can be written as 34AeAb,
where the quantities Ae and Ab only depend on the Z → e−e+ and Z → bb¯ couplings,
respectively. If we neglect the light quark masses, the Z → qq¯ decay amplitude may
experiment theory (SM3)
Γhad [GeV] 1.7444 ± 0.002 1.7418 ± 0.0009
Rb 0.21629± 0.00066 0.21578± 0.00005
AbFB 0.0992 ± 0.0016 0.1034 ± 0.0007
Ab 0.923 ± 0.020 0.9348 ± 0.0001
Ae 0.15138± 0.00216 0.1475 ± 0.0010
mW [GeV] 80.420 ± 0.031 80.384 ± 0.014
Table 4.1: Experimental results and Standard Model predictions for selected electroweak
observables. All numbers were taken from [84].
be written as
Mqµ = ie (GqV γµ −GqAγµγ5) , (4.11)
where the form factors GqV and G
q
A are the vector and axial-vector form factors re-
spectively. At lowest order they are given by
gqV =
e
2sW cW
(
Iq3 − 2s2WQq
)
, (4.12a)
gqA =
e
2sW cW
Iq3 , (4.12b)
where Iq3 and Qq are the isospin and charge quantum numbers of the quarks. If for a
given set of SM and SM4 parameters, we denote by
δgV,A ≡ GSM4V,A −GSMV,A (4.13)
the one-loop corrected Zqq¯ couplings, then the partial widths and asymmetries, after
expanding up to first order, can be written as
δΓ(Z → qq¯)
ΓSM(Z → qq¯) = 2
gqV Re δg
q
V + g
q
A Re δg
q
A
(gqV )
2 + (gqA)
2 , (4.14a)
δAq
ASMq
= Re δg
q
V
gqV
+ Re δg
q
A
gqA
− 2 g
q
V Re δg
q
V + g
q
A Re δg
q
A
(gqV )2 + (g
q
A)2
, (4.14b)
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where the form factors gqV and g
q
A refer to the tree-level couplings given in Eq. (4.12).
In the case of the SM4 with general flavour structure, the second assumption under
which the oblique parameters provide an adequate parameterisation of new physics
effects no longer holds and we cannot parameterise the effects of new physics by the
oblique parameters only. However, if we discard the mixing between the fourth gen-
eration quarks and the quarks of the first three generations, the only corrections to
EWPOs come from the vacuum polarisation diagrams of the electroweak gauge bosons.
In this case we are allowed to express the corrections to the vector and axial-vector
couplings of the Zqq¯ vertex through the oblique parameters solely. If all mixing effects
are turned off, the Zqq¯ amplitude contains only the self-energy corrections through
the renormalisation constants of the Zqq¯ vertex. By expressing the renormalisation
constants in terms of the self-energies we find
δm2Z = ΠZZ +m2ZΠ′ZZ ,
δm2W = ΠWW +m2WΠ′WW ,
δZγγ = −Π′γγ ,
δZγZ = − 2Π′Zγ ,
δZZγ = 0,
δZZZ = −Π′ZZ ,
δZW = −Π′WW ,
δsW =
c2W
2sW
(
δm2Z
m2Z
− δm
2
W
m2W
)
,
δZe = − 12
(
δZγγ +
sW
cW
δZZγ
)
.
It is now straightforward to invert the definitions of the oblique parameters. By doing
so, we can write down the corrections to the vector and axial-vector couplings in terms
of the oblique parameters. One finds
δgqV = −
αe
16cW s3W
[
2Iq3S − 4[(c2W − s2W )Iq3 + 2s2WQq]T
−
(c2W − s2W
s2W
Iq3 + 2Qq
)
U
]
, (4.15a)
δgqA = −
αe
16cW s3W
[
2S − c
2
W − s2W
s2W
(4s2WT + U)
]
Iq3 . (4.15b)
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4.6 Results
In this section we will discuss the numerical results. The SM parameters we used are
1/α(mZ) = 128.892 , αs(mZ) = 0.1185 , mZ = 91.1875 GeV,
mW = 80.384 GeV , mt = 173.2 GeV , mHSM = 125 GeV,
ΓSMhad = 1.7418 GeV , RSMb = 0.21578 , ASMb = 0.9348. (4.16)
The CKM angles θ12, θ23, θ23 and phase δ13 in the SM read [84]
θ12 = 0.2273, θ13 = 0.003466, θ23 = 0.04103, δ13 = 1.2020. (4.17)
We used the on-shell renormalisation scheme for the computation of new physics cor-
rections. In this scheme, the quantities α(mZ), mZ and mW are independent pa-
rameters. The Fermi constant Gf , which is determined from the muon lifetime, is a
non-trivial function of α(mZ), mZ , mW and the other model parameters. We will
comment briefly on the Gf scheme in Section 5.1. Since Gf is measured very accu-
rately we adjust the value of mW to obtain the correct value of Gf . The relation
between Gf and mW is conventionally written as [101]
Gf =
piα√
2s2Wm2W
1
1−∆r , (4.18)
where ∆r encodes higher order corrections and is, in general, a function of all other
parameters. New physics changes the function ∆r. Denoting, as before, the new
physics correction to ∆r by δ∆r we find
δmW
mW
= − s
2
W
2(c2W − s2W )
δ∆r. (4.19)
However, since the parameters (4.16) already satisfy the Gf constraint we have mSMW =
mW with mW from (4.16). If an extension of the SM with a fourth sequential gener-
ation is to agree with the measured value of the W -boson mass, the ratio δmW /mSMW
cannot be much larger than one per mille. Hence, the shift in mW is unimportant for
the purpose of computing δ∆r and the new physics corrections (4.14) to the hadronic
Z partial widths and asymmetries. We can therefore safely use the value from (4.16)
in these calculations. However, the shift in the W -boson mass due to new physics
(cf. Eq. (4.18)) changes the tree-level couplings, since they depend on sW and cW , two
quantities which are defined through the W - and Z-boson mass in the on-shell scheme.
Expanding up to first order in δmW , the shift in the tree-level vector and axial-vector
couplings is then given by
δg0V = −
e
(
Iq3
(
m2Z − 2m2W
)
+ 2
(
m2W −m2Z
)
Qq
)
2mW cW sW
(
m2Z −m2W
) δmW , (4.20)
δg0A = −
eIq3
(
m2Z − 2m2W
)
2mW cW sW
(
m2Z −m2W
)δmW . (4.21)
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The W -boson mass in the above question is given by Eq. (4.16). These shifts are thus
due to the new physics and must be added to Eq. (4.13). Note that, although at first
sight, the modification of the tree-level couplings due to the shift in the W -boson mass
might appear as merely a constant shift, this is not the case since the full CKM matrix
enters the quantity δmW through δ∆r.
4.6.1 SM4
In this section we discuss the corrections to the the Zqq¯ vector and axial-vector cou-
plings and to the EWPOs as a function of the mixing angles θi4, i = 1, 2, 3. The
fourth generation lepton `4 and neutrino ν4 masses are set to m`4 = 101 GeV and
mν4 = 50 GeV. As we have discussed in Section 4.3, for a stable neutrino this scenario
is not ruled out by direct Higgs searches. The mixing angles and fourth generation
quark and lepton masses used are
θSM412 = θ12, θSM413 = θ13, θSM423 = θ23, δSM413 = δ13,
δ14 = δ24 = 0,
m`4 = 101 GeV, mν4 = 50 GeV, mb′ = mt′ . (4.22)
The Higgs boson mass in the SM4 and the t′ mass are set to the following values
mHSM4 = 125 GeV, mt′ = 500 GeV. (4.23)
Within the scenario (4.22) we discuss both, the dependence of the effective couplings
gqV and g
q
A as well as the observables Γhad, Rb, mW and Ab on the angles θ14 and
θ24 and θ34. The constraints on the mixing angles θ14 and θ24 from flavour physics
are stronger than those on θ34, but values of sin θ14 between 0 and 0.05 and of sin θ24
between 0 and roughly 0.1 are still possible [102]. The fourth-generation phases δ14
and δ24 have no noticeable impact on the effective couplings gqV and g
q
A since they only
depend on the absolute values squared of the CKM matrix elements in the SM4 and
we have therefore set them to zero.
Figures 4.1 and 4.2 show the relative new physics corrections to vector and axial-
vector couplings gqV and g
q
A of the up- and down-type quarks as functions of sin θ34
and for different combinations of sin θ14 and sin θ24. The oblique corrections do not
approach the total corrections in the no-mixing limit, i.e. sin θi4 → 0. This is because
the neutrino mass is light with respect to the electroweak scale. Varying sin θ14 and
especially sin θ24 in their allowed ranges leads to effects of the same size as varying
sin θ34. Hence, one should expect that EWPOs constrain all three fourth-generation
mixing angles simultaneously. The contributions which depend on sin θ14 and sin θ24
are negative and the effects are additive: varying one mixing angle shifts the effective
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Figure 4.1: The relative new physics corrections to the effective couplings gqV and g
q
A for the
up quark u and the bottom quark b as functions of sin θ34 for the parameters (4.22) and (4.23)
and different combinations of sin θ14 and sin θ24. The dashed lines show the oblique corrections
as computed from (4.15). The colour coding is as follows: sin θ14 = 0, sin θ24 = 0 , sin θ14 =
0, sin θ24 = 0.1 , sin θ14 = 0.05, sin θ24 = 0.1 .
couplings by amounts which are mostly independent of the other mixing angles. This
can be explained by the fact that the largest sin θ14 or sin θ24-dependent contributions
come from terms where one angle enters through a sine factor and the others through
cosine factors. The highest sensitivity to sin θ14 and sin θ24 is observed in the vector
couplings of the up quark. Varying sin θ14, sin θ24 and sin θ34 in the chosen ranges leads
to corrections up to 2%. The relative corrections to the vector couplings of down-type
quarks (gdV , gsV and gbV ) lie between -0.1% and 0.8%. The relative corrections to the
axial-vector couplings vary only slightly and can reach up to 0.3% for non-zero mixing
angle sin θ14 and sin θ24. The dependence of the δgbV /gbV and δgbA/gbA on sin θ34 is
quadratic to a very good approximation. This is easily explained by inspecting the
contributing diagrams. The sin2 θ34 term comes from loop diagrams with Wt′b or Gt′b
vertices (where G denotes the charged Goldstone boson). There are either no or two
such vertices in each diagram and the couplings are proportional to Vt′b which, in turn,
is proportional to sin θ34. Furthermore, there are no Higgs bosons in these diagrams
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and therefore the coefficient of sin2 θ34 is independent of mHSM4 . On the other hand,
fourth generation quarks can only appear in diagrams involving Wt′b or Gt′b vertices.
Hence, the terms independent of sin θ34 are also independent of the fourth generation
quark masses.
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Figure 4.2: The relative new physics corrections to the effective couplings gqV and g
q
A for the
up quark u and the bottom quark b as functions of sin θ34 for the parameters (4.22) and (4.23)
and different combinations of sin θ14 and sin θ24. The dashed lines show the oblique corrections
as computed from (4.15). The colour coding is as follows: sin θ14 = 0, sin θ24 = 0 , sin θ14 =
0, sin θ24 = 0.1 , sin θ14 = 0.05, sin θ24 = 0.1 .
Figure 4.3 shows the relative new physics corrections to Γhad, Rb, mW and Ab as
functions of sin θ34 for the same combinations of sin θ14 and sin θ24 as in Figure 4.1.
The corrections to Γhad are between −0.1% and 1%. In the case of Rb, variation of the
mixing angles θ14 and θ24 leads to shifts of at most 0.5%. Including only the oblique
corrections leads to a wrong qualitative dependence on sin θ34 and the difference can
reach several per mille for large values of sin θ34. The corrections to MW can reach
0.5% and for non-zero values of θ14 and θ24 they lie outside of the experimentally
allowed range. The corrections to Ab are again of the order of one per mille and the
non-oblique effects are negligible.
Agreement with the experimental value within approximately one standard deviation
can be achieved simultaneously for the three observables, Γhad, Rb and Ab, even for
non-zero values of sin θ14 and sin θ24. For smaller values of sin θ34 we can even bring
Γhad into perfect agreement with the experimental value. This might indicate that non-
trivial mixing scenarios, i.e. scenarios where all three fourth-generation mixing angles
are non-zero, may well be in good agreement with electroweak precision measurements
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Figure 4.3: The relative new physics corrections to the observables Γhad, Rb, mW and Ab as
functions of sin θ34 for the parameters (4.22) and (4.23) and different combinations of sin θ14
and sin θ24. The dashed lines contain only the oblique corrections. The dotted lines indicate
the range in which the observable would be in 1σ agreement with the experimental value.
For Ab the dotted lines are outside the displayed range and all values are in 1σ agreement
with the measurement. The colour coding is as follows: sin θ14 = 0, sin θ24 = 0 , sin θ14 =
0, sin θ24 = 0.1 , sin θ14 = 0.05, sin θ24 = 0.1 .
and that varying θ24 might even improve the electroweak fit. However, as we can infer
from the above scenario, small mixing angles θ14 and θ24 are clearly favoured. Choosing
even smaller values of θ14 and θ24 might even bring all four observables within one
standard deviation of the experimental value. To quantify this statement it would
be necessary to perform a global fit of all SM4 parameters (couplings, masses and
CKM mixing angles) which takes into account electroweak precision measurements
and flavour observables at the same time.
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4.6.2 Type-II 2HDM4 with a general flavour structure
As an example of an extension of the SM for which the bounds from direct Higgs
searches can be relaxed, we study in this section the type-II 2HDM with a fourth
sequential generation with general flavour structure. We will denote this extension of
a the type-II 2HDM with three generations by 2HDM4. In [103] the mass spectrum
and constraints in the 2HDM4 were studied, we will adopt these mass limits on the
Higgs bosons. In particular, the mass of the light Higgs boson h can lie between
100− 300 GeV whereas the heavier Higgs bosons masses mH,A,H± can be roughly
300− 400 GeV. As for the value of tan β, it was found that tan β ≈ 1 is favoured.
However, the analysis in [103] is not a complete one; only the decoupling regime
sin(β − α) ≈ 1 was studied and mixing between the third and fourth generations was
not taken into account. To study the 2HDM4 contributions to the EWPOs we choose
the following parameters in the Higgs sector:
tan β = 1, mh = 115 GeV, mH = 250 GeV,
mA = 300 GeV, α =
pi
2 . (4.24)
For the parameters in the quark sector we choose
m`4 = 101 GeV, mν4 = 50 GeV, mb′ = 484 GeV, mt′ = 500 GeV,
θ14 = θ24 = 0. (4.25)
Figure 4.4 shows the new physics contributions to the vector and axial-vector couplings
of the b quark as functions of the charged Higgs boson mass mH+ in the 2HDM4. We
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Figure 4.4: The relative new physics corrections to the effective couplings gqV and g
q
A for the
bottom quark b as functions of mH+ for various values of sin θ34. The dashed-dotted lines again
show the oblique approximation. The colour coding reads: sin θ34 = 0 , sin θ34 = 0.1 ,
sin θ34 = 0.2 .
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see that for the various values of sin θ34 the vector and axial-vector couplings differ
only slightly over the plotted mass range. However, in the oblique approximation,
there is a strong dependence on the mixing angle θ34. In the oblique approximation,
cf. Eq. (4.15), the dependence on the mixing angles is introduced through the oblique
parameters T and U . The oblique parameter U is small however, it is generally an
order of magnitude smaller than S and T and therefore the oblique parameter T
carries the full dependence on the mixing angles. The curves still show the same
qualitative behaviour as in the SM4. As can be readily seen, in the limit of vanishing
mixing between the third and fourth generation, sin θ34 = 0, the oblique approximation
and the full results do not coincide. This is due to the contributions to the oblique
parameters from the extended Higgs sector of the 2HDM4 and because of the light
fourth generation neutrino mass. Figure 4.5 shows the new physics contributions to
the selected observables Γhad, Rb,mW and Ab in the 2HDM4 as a function of mH+ for
various values of sin θ34. We chose the dependency on mH+ since for small values of
tan β the observable Rb depends strongly on the charged Higgs boson mass and not on
the neutral Higgs masses. The dashed lines show the contributions to these observables
arising solely from the oblique approximation. We see that for small values of sin θ34 =
0, 0.1 and relatively light values of the charged Higgs boson mass mH+ . 350 GeV,
the 2HDM4 can be brought into accordance within 1σ of the EWPOs. However, the
EWPO Rb is very sensitive to non-oblique corrections, as can be seen from Figure 4.5,
and for the parameters (4.24) and (4.25) it cannot be brought into accordance with the
experimental value. The oblique corrections to Rb however vary only slightly O(1%)
and fall within the experimentally allowed range for all values of mH+ . Varying the
mixing angles θ14 and θ24 within their allowed ranges (cf. Section 4.6.1) shifts all the
corrections, even for sin θ34 = 0, to the EWPOs upwards and it is “challenging” to
bring the 2HDM4 into accordance within 1σ of the EWPOs. Finely tuned parameters
sets exist however for which the two most constraining observables mW and Γhad can
be brought into 1σ accordance. For example for sin θ34 = 0.05, sin θ14 = 0.05, sin θ24 =
0.01 and mH+ ≈ 300 Gev.
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Figure 4.5: The relative new physics corrections to the observables Γhad, Rb, mW and Ab as
functions of the mass of the charged Higgs mH+ in a type-II 2HDM with a fourth sequential
generation and full mixing for the parameters (4.24) and (4.25) and different values of sin θ34.
The dashed-dotted lines contain only the oblique corrections. The dotted lines indicate the
range in which the observable would be in 1σ agreement with the experimental value. For Ab
the dotted lines are outside the displayed range and all values are in 1σ agreement with the
measurement. The colour coding reads: sin θ34 = 0 , sin θ34 = 0.1 , sin θ34 = 0.2 .
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Top quark phenomenology in SM
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5
BSM predictions for the tbW vertex
In this chapter we will discuss in detail the predictions for the strength and structure
of the tbW vertex in several SM extensions. This chapter is an extension of the work
published in [104].
At the LHC the top quark will be mainly produced in pairs through gluon fusion
gg → tt¯ and quark-anti quark annihilation qq¯ → tt¯ and the subsequent decays are
dominated by the decays into a W -boson and a bottom quark b. If new physics exists,
it will very likely influence the strength and structure of the tbW decay vertex. Single-
top processes will also occur at the LHC and possible deviations from the SM tbW
vertex will certainly influence this production mode since the single-top cross section
is proportional to the strength of the tbW vertex. The structure of the tbW vertex
b
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b
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t
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t
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Figure 5.1: Lowest order Feynman diagrams for single-top production.
can be analysed model-independently by making use of a form factor decomposition
of the decay vertex. Let p, k, and q = p − k denote the four-momenta of the t and
b quark and the W+-boson, respectively. Then the general on-shell amplitude of the
decay
t(p)→ b(k) +W+(q) (5.1)
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can be parameterised by four form factors, or anomalous couplings:
MtbW+ =
ie√
2sW
εµ∗u¯b(k)
[
γµFLPL + γµfRPR +
iσµνq
ν
mW
(gLPL + gRPR)
]
ut(p), (5.2)
where PL,R = 12 (1∓ γ5) and FL = V ∗tb + fL. The form factors fL,R and gL,R are
dimensionless and in general complex valued functions of the W -boson momentum
squared. In the SM the values of the form factors at tree level are fL = fR = gL =
gR = 0. Note that if the W -boson is off-shell, two additional form factors appear
in the amplitude (5.2). In the limit of vanishing fermion masses however, they do
not contribute to the decay t → bff ′. The form factors fL,R 6= 0 and gL,R 6= 0 are
induced by SM loop corrections and possibly by new physics interactions. The form
factors fL,R 6= 0 can also appear at tree-level in SM extensions, we will discuss this in
Section 5.1.4. The form factors are in general IR-infinite and thus ill-defined. They
should only be used to parameterise infrared safe contributions to the decay vertex,
caused for example by the exchange of heavy particles. In the extensions that we will
investigate this is indeed the case. From now on we use the convention that the form
factors fL,R and gL,R parameterise only new physics contributions to the tbW decay
vertex. This means that the tbW decay vertex in a SM extension is understood to be
read as
MtbW+ =MBorntbW+ +Mvirt,SMtbW+ +Mvirt,BSMtbW+ (fL, fR, gL, gR), (5.3)
where the one-loop virtual correction Mvirt,SMtbW+ contains the SM particle contributions
only, including the infrared infinite contributions from gluon and photon exchange.
The form factors fL,R, gL,R themselves are not physical observables, but can be ex-
tracted from experiment by using the matrix elements given in Eq. 5.3. This is done by
computing within the SM the decay distributions including the radiative corrections
for t→ bW+, t→ bW+γ, t→ bW+g:
dΓSM ∼
(
MBorntbW+Mvirt,SM∗tbW+ + c.c.
)
+ |MtbW+γ |2 + |MtbW+g|2. (5.4)
With the inclusion of the real radiation processes t → bW+γ and t → bW+g we are
sure that the decay distributions are IR-finite. One then adds to Eq. (5.4) the terms
linear in the form factors fL,R, gL,R. These are the terms generated by the interference
of the tree-level decay amplitude with the decay amplitude stemming from the new
physics contributions, i.e.
MBorntbW+Mvirt,BSM∗tbW+ (fL, fR, gL, gR) + c.c. (5.5)
One could also add terms quadratic in the form factors, but these are expected to be
small since the new physics contributions to the form factor are expected to be small.
This assumption must of course be checked a posteriori. The analytical expressions
for Eq. (5.5) are given in Appendix B.
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We conclude by noting that since the form factors fL,R and gL,R can be complex, this
might be due to CP-violation. We will comment on this possibility in Section 5.1.5.
5.1 Theoretical results
We emphasise again that for the SM extensions under consideration, the scans of the
form factors are to be understood as plots relative to the values of the form factor as
predicted by the SM, i.e.
fL,R ≡ fXL − fSML , gL,R ≡ gXL − gSML , (5.6)
where the subscript X stands for the particular SM extension under consideration.
With this convention the form factors are both UV- and IR-finite. The differences (5.6)
only encode possible new physics effects. The corrections to the lowest order decay
top quark decay width are presented in the Gf scheme. If one takes from experiment
the muon lifetime τµ, then the Fermi constant Gf is defined by
1
τµ
=
G2fm
5
µ
192pi3
(
1− 8m
2
e
m2µ
)[
1 + α2pi
(25
4 − pi
2
)]
. (5.7)
The square brackets represent the QED corrections within the Fermi model. If τ−1µ
is calculated within the SM, the muon lifetime receives radiative corrections from the
W -boson self-energy, vertex and box diagrams and counter terms. A comparison with
Eq. (5.7) allows one to express the Fermi constant Gf in terms of the parameters of
the electroweak sector. At first order one finds
Gf =
piα√
2s2Wm2W
1
1−∆r , (5.8)
where ∆r is given by
∆r = Πγγ(0) + Σ
WW
T −ReΣWWT (m2W )
m2W
− c
2
W
s2W
Re
(
ΣZZT (m2Z)
m2Z
− Σ
WW
T (m2W
m2W
)
+ 2cW
sW
ΣγZT (0)
m2Z
+ α4pis2W
(
6 + 7 − 4s
2
W
2s2W
log
(
m2W
m2Z
))
. (5.9)
Note that the above expression for ∆r excludes the QED radiative corrections already
contained in Eq. (5.7). In practice it is common to describe the electroweak radiative
53
5 BSM predictions for the tbW vertex
corrections in terms of the Fermi constant Gf =
√
2e2
8m2W s
2
W
instead of the fine structure
constant α, i.e.
ΓBorn(Gf ) =
√
2Gfs2Wm2W
piα
ΓBorn(α) =
ΓBorn(α)
1−∆r . (5.10)
The non-standard correction to the top decay width is denoted by δNS and is defined
by
δNS =
ΓvirtX (Gf )− ΓvirtSM (Gf )
ΓBorn(Gf )
− (∆rX −∆rSM ) , (5.11)
where the subscript X denotes the respective SM extension.
The virtual corrections are calculated in the on-shell renormalisation scheme [105] and
a complete treatment of the virtual corrections requires the renormalisation of the
CKM matrix. However, we neglect the CKM matrix in the virtual corrections and
simply multiply Γvirt by the square of Vtb. This results differs by a factor αm2b/m2W
from the full result [106,107].
If not stated otherwise, the following SM input parameters were used [84]
mb = 4.8 GeV, mt = 173.2 GeV, mW = 80.399 GeV,
mZ = 91.1876 GeV, α = 1/137.035999, Gf = 1.166364 · 10−5 GeV−2,
αs = 0.1183, Vtb = 1. (5.12)
All SM contributions are calculated with a fixed reference mass for the SM Higgs
boson: mHSM = 125 GeV.
5.1.1 Type-II two-Higgs-doublet model
As we have seen in Chapter 2, the type-II 2HDM has the following free input param-
eters
tan β, sinα, mh,H,A, mH+ . (5.13)
Although in principle the parameter space of the type-II 2HDM is large, experimental
searches constrain the parameter space. These search results come from the LEP
and Tevatron experiments. At LEP, charged Higgs bosons could in principle be pair
produced through e+e− collisions through s-channel exchange of a Z-boson or photon.
Subsequent dominant decay channels accessible to LEP energies are H± → c¯s and
H± → τ+ν. Note that these decays have a strong background from the process
e−e+ → W−W+. Non-observation of the process e−e+ → H+H− at LEP leads to a
lower bound at 95% confidence level on the charged Higgs boson mass [108] :
mH+ > 78.6 GeV (5.14)
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This lower bound was obtained by combined results from the ALEPH, DELPHI, L3
and OPAL collaborations [108]. More stringent bounds on the charged Higgs boson
mass come from analysing the branching ratio BR (b→ sγ) within the type-II 2HDM
framework. The NNLO QCD corrections to the branching ratio BR (b→ sγ) [109]
lead to a lower bound of
mH+ > 295 GeV (5.15)
on the charged Higgs boson mass. The lower bound is valid for tan β & 2. Important
constraints on the parameter tan β come from bounds on Z → bb¯ within the type-II
2HDM. Subject to these various bounds we adopt the following scenario for further
studies
mh,H,A ≥ 125 GeV, mH+ ≥ 320 GeV, 0.75 ≤ tan β ≤ 50. (5.16)
Although the lower bound for the charged Higgs boson might be chosen more conser-
vatively, we choose this lower bound in accordance with the results from [104]. A more
conservative lower bound on mH+ does not change the numerics in any noticeable way.
Furthermore the lower bound on tan β is in accordance with the benchmark scenario
as discussed in Chapter 6.
We now discuss the predictions for the tbW vertex in the type-II 2HDM. The relevant
Feynman diagrams are shown in Figure 5.2. In the case of the type-II 2HDM, only
the Higgs and Goldstone bosons contribute to the anomalous couplings fL,R and gL,R.
The non-standard corrections δNS to the lowest order width are shown in Figure 5.3.
Figure 5.3a shows the non-standard correction δNS as a function of tan β for fixed
Higgs masses mh = 125 GeV,mH+ = 320 GeV and α = β − pi2 . With this choice
of the mixing angle, the Yukawa couplings of the neutral scalar Higgs bosons alter
significantly:
ht¯t ∼ −mt, (5.17)
hb¯b ∼ −mb, (5.18)
Ht¯t ∼ +mt/ tan β, (5.19)
Hb¯b ∼ −mb tan β. (5.20)
We see that the Yukawa couplings of the lightest neutral scalar Higgs boson h become
SM-like and the Yukawa couplings of the heavy neutral Higgs H become pseudoscalar-
like, albeit with a relative sign. This is the so-called decoupling limit [110]. Further-
more the hG−W+ and HH−W+ couplings become maximal, they are proportional
to sin(β − α), the couplings hH−W+ and HG−W+ vanish identically since they are
proportional to cos(β−α). We see that the shape of the plots remains the same in the
mA−mH mass range and is shifted upwards to lower corrections for higher masses of
mA and mH which is due to the mass suppression of the loop integrals. We see that
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Figure 5.2: Feynman diagrams for the Higgs boson contributions to the tbW+ vertex in
the type-II 2HDM. In Figure 5.2a and 5.2b, φi denotes one of the three neutral Higgs bosons
h,H,A.
the corrections δNS can reach up to −0.6% in the region for small tan β. This is due
to the fact that the Yukawa couplings of the top quark are enhanced, cf. Eq. (5.17).
As tan β increases, the bottom quark Yukawa couplings become larger whereas the
top Yukawa couplings are suppressed, leading to the plateau in Figure 5.3a. Next we
study the dependence of δNS on the mixing angle α. We set
mh = 125 GeV, mH = 700 GeV, mA = 130 GeV, mH+ = 320 GeV. (5.21)
Figure 5.3b shows the correction δNS as a function of tan β for various mixing angles
α and the fixed Higgs masses stated above. We see that sizeable corrections are pos-
sible for α = pi/4, i.e. sinα = cosα. In this case the top quark Yukawa couplings are
enhanced for small tan β whereas the bottom quark Yukawa couplings are suppressed.
As can be seen from both Figures 5.3a and 5.3b, the corrections over the entire tan β
range are negative. This means that the positive electroweak corrections to the lowest
order decay width in the SM [101] are compensated entirely, or reduced by the elec-
troweak corrections in the type-II 2HDM. Positive corrections are possible, however,
they violate the lower mass bound Eq. 5.15.
A further interesting scenario is the case α = β. The non-standard correction δNS
as a function of tan β is shown in Figure 5.4. In this scenario the couplings of the
heavy neutral Higgs H to the top- and bottom quarks become SM like whereas those
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Figure 5.3: The non-standard correction δNS to the lowest order top quark decay width as
a function of tan β. The left panel shows the non-standard correction as a function tan β for
various Higgs masses mA and mH and fixed mixing angle α = β − pi2 . The right panel shows
the non-standard correction δNS as a function of tan β for various mixing angles α. The Higgs
masses are cited in the text.
of the light neutral Higgs become pseudoscalar like. Large corrections δNS . −1% are
obtained for small tan β due to the suppression/enhancement of the Yukawa couplings
by tan β. A generic feature of the correction δNS in the various scenarios is that a
large correction is obtained for a large mass splitting between neutral Higgs bosons
h,H and A.
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Figure 5.4: The non-standard correction
δNS to the lowest order top quark decay
width as a function of tan β for the special
case α = β and various masses mA and mH .
Next we focus our attention on the anomalous couplings in the type-II 2HDM. A
generic feature of the BSM extensions under consideration is that the real and imagi-
nary parts of gL and fR are one or several orders of magnitude smaller than those of fL
and gR. A further generic feature is that Re fL > Re gR. The bulk of the corrections
to δNS stems therefore from the latter two form factors. We shall discuss these in
detail. Figure 5.5 shows the corrections to fL and gR as a function of tan β for various
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masses of mH and mA. The dominant BSM effect shows up in the left-handed form
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Figure 5.5: The BSM contributions fL and gR to the respective form factors in the type-II
2HDM as a function of tan β for various masses mA and mH .
factor fL shown in Figure 5.5a. The masses and mixing angle α are the same as in
Figure 5.3a. Since this is the dominant form factor in the decay width, we expect that
Re fL ≈ δNS/2 and indeed, Figure 5.5a shows clearly that this approximation is valid.
The imaginary values of the form factors are much smaller compared to the real parts
since for the mass and parameter range considered only the diagrams 5.2e and 5.2g
develop an imaginary part since the top quarks decays on-shell. That the magnitude
of the form factors fR and gL is small compared to the magnitude of fL and gR is a
consequence of the fact that for a massless bottom quark the former two form factors
must vanish identically in the type-II 2HDM.
5.1.2 MSSM
Next we analyse the anomalous form factors in the MSSM. Although the Higgs sector
of the MSSM, as far as the particle content is concerned is the same as that of the type-
II 2HDM, the mass bounds on the Higgs masses differ from those of the type-II 2HDM.
Firstly, the tree-level relation mH± = m2A +m2W implies that the mass of the charged
Higgs boson H± is bounded from below by the W -boson mass mW , although radiative
corrections may change this in certain parts of the parameter space [111]. Furthermore,
since the MSSM is so rich in particle content, the MSSM charged Higgs contribution to
the branching ratio BR(b→ sγ) can be compensated by supersymmetric particles and
we can not apply the lower bound (5.15) [112]. For large values of tan β, reference [113]
excludes charged Higgs bosons with mass mH± < 147 GeV for a top quark mass
of 175 GeV. Within the context of gaugino mass unification at the GUT scale (cf.
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Figure 5.6: Feynman diagrams for the SUSY QCD and electroweak contributions to the tbW+
vertex in the MSSM. Flavour and generation indices have not been written out explicitly.
Section A.1.1) we assume the following lower bound on the lightest neutralino χ˜01
(assuming it is the lightest SUSY particle): mχ˜0 ≥ 50 GeV. The lower bounds on
the charginos are set to mχ˜+ ≥ 100 GeV. These bounds hold for tan β < 40. In
accordance with the squark mass limits, cf. Section A.1.1, we assume a common mass
scale mS = 1 TeV for the squarks and the gluino. The lightest top squark mass
might still be lighter than the top quark and we set mt˜1 ≥ 100 GeV. The sfermion
masses have little significance on the results, and we choose a common mass scale
msf = 400 GeV for the sfermions. All soft-breaking trilinear couplings are set to zero,
except for the top trilinear coupling At = 700 GeV. The right-handed top squark
mass is set to 250 GeV. All parameters are chosen in such a way that the mass of
the lightest Higgs h lies above the LEP bound [84]. The additional MSSM parameters
take on the values
µ = 250 GeV, M2 = 130 GeV, mH+ = 250 GeV. (5.22)
The gaugino mass M1 is determined by the GUT relation M1 = 5s2WM2/(3c2W ) in the
above parameter set. The physical Higgs masses and the various mixing angles were
all calculated with FeynHiggs 2.7.4 [114].
Besides the Higgs boson contributions to the tbW+ vertex, which are the same as in the
type-II 2HDM (cf. Figure 5.2), additional SUSY QCD and electroweak contributions
arise, mediated by gluinos, squarks, charginos and neutralinos. The relevant Feynman
diagrams are shown in Figure 5.6. We neglect squark-mixing between different gener-
ations; i.e. only top and bottom squarks t˜1,2, b˜1,2 are taken into account. These mass
eigenstates are mixtures of the respective weak eigenstates.
In Figure 5.7 the MSSM Higgs, QCD, and EW corrections δNS(GF ) as well as the total
contribution are shown as a function of tan β. For the parameters specified above the
MSSM Higgs contributions are very small. The SUSY EW contributions have a sharp
peak at tan β ≈ 10, which corresponds to a threshold effect. Here the masses are such
that a top quark can decay into an on-shell neutralino and an on-shell top squark. For
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Figure 5.7: The non-standard correction
δNS to the lowest order top quark decay
width as a function of tan β for the MSSM
parameters (5.22).
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the parameter set (5.22) the light top squark mass is approximately mt˜1 ≈ 120 GeV.
Otherwise, the MSSM corrections are dominated by the SUSY QCD contributions,
which remain almost constant at about −0.6% for tan β > 10. Note that the SUSY
QCD corrections do not receive a contribution from ∆r, cf. Eq. (5.11). In this range,
the SUSY EW contributions yield a constant +0.1%, leading to an overall correction
of −0.5%. The bulk of the corrections δNS is again due to the renormalised form
factor fL. The same hierarchy between the form factors as in the type-II 2HDM, (cf.
Section 5.1.1) holds. Only Re fL and Re gR are displayed as functions of tan β. In
Figure 5.8a and Figure 5.8b the real parts of fL and gR induced by the various MSSM
corrections are shown as a function of tan β for the above parameter set. In the latter
case, the Higgs and SUSY EW corrections cancel almost exactly. Thus Re gR and
Re fL are essentially due to the SUSY QCD contribution.
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Figure 5.8: The BSM contributions fL and gR to the respective form factors in the MSSM
as a function of tan β for the MSSM parameters (5.22).
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5.1.3 Topcolor assisted Technicolor
We now study the tbW+ anomalous coupling in the TC2 model. We have seen (cf.
Chapter 3) that the model is an effective type-II 2HDM and its scalar and pseudoscalar
spin-zero particle content consists of a heavy neutral scalar HETC with a mass of order
1 TeV, a neutral scalar Ht, a neutral (pseudoscalar) top-pion Π and a pair of charged
top-pions, Π±, whose masses are predicted to lie in the range of 180− 250 GeV [42,115].
Below we shall use mHt ≥ 120 GeV, mΠ = mΠ+ ≥ 180 GeV [42, 115], and mHETC =
1 TeV. The one-loop new physics contributions in the TC2 model to the t → bW
decay amplitude correspond to the diagrams of Figure 5.2. In addition there are the
one-loop contributions of these spin-zero states to the wave-function renormalisation
constants and of course to ∆r. Essentially this means one can consider the type-
II 2HDM Higgs diagrams, cf. Figure 5.2, and replace the type-II 2HDM couplings
with the TC2 couplings. However, since the Topcolor interactions do not contribute
to the mass of the bottom quark, there are no Htbb¯ couplings. Furthermore the
bottom Yukawa coupling b is very small and we can safely neglect all the HETCbb¯
and Πbb¯ couplings. The remaining diagrams are then a subset of Figure 5.2 with the
replacements h → HETC, H → Ht, A → Π, and H± → Π±. The ETC sector only
contributes slightly to the top quark mass and the Yukawa couplings of the techni-
Higgs HETC to the top quark are proportional to t and are suppressed with regards
to the contribution from Topcolor dynamics. Because of the large mass of the techni-
Higgs, HETC ≈ 1 TeV, the contributions of the corresponding diagrams are suppressed
even further with respect to the remaining corrections. Thus we set the ETC Yukawa
coupling t to zero. Besides these suppression mechanisms the top-pion and top-Higgs
couplings to the top quark are enhanced by the factors Yt and YtvT respectively and
we find that Yt ≈ 4 for the parameter range under consideration. A closer inspection
of the diagrams then shows that, for relatively light Π,Π± and Ht, the two dominant
contributions are Figure 5.2b with φi = Ht and φi = Π, while Figures 5.2d and 5.2f are
subdominant. The factor YtvT also enhances the couplings of the charged top-pions
Π± to the top and bottom quark. The TC2 corrections to fL (and therefore δNS) thus
depend sensitively on the mass of the top-pions and the top-Higgs as we can infer from
Figures 5.9 and 5.10. Figure 5.9 shows the correction δNS as a function of the value of
the top quark condensate fpi, for various sets of masses mHt , mΠ of the top-Higgs and
top-pions. For fixedmHt , mΠ the corrections increase in magnitude with increasing top
Yukawa coupling, i.e. decreasing fpi. The correction δNS(GF ) is negative in the above
parameter range. It can become as large as ∼ −15%. The renormalised form factor
Re fL is plotted in Figure 5.10a as a function of fpi. As expected, Re fL ≈ δNS/2. The
chirality-flipping form factor Re gR is shown in Figure 5.10b. The magnitude of this
form factor remains below the percent level also in this model. The large corrections
are mainly due to the large top Yukawa coupling Yt. We have seen that the corrections
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Figure 5.9: The non-standard correction
δNS to the lowest order top quark decay
width in the TC2 as a function of fpi for
various masses of the top-pion Π and the
top-Higgs Ht.
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Figure 5.10: The BSM contributions fL and gR to the respective form factors in the TC2 as
a function of fpi for various masses of the top-pion Π and the top-Higgs Ht.
to the decay width can be large for small values of fpi. The TC2 model might prove to
be a promising candidate for dynamical EWSB, and future experiments at the LHC
should be able to confirm, or rule out such an scenario.
5.1.4 Implications of a fourth generation and vector-like quarks
So far we have discussed the strength and structure of the tbW vertex in several SM
extension which all have an extended EWSB sector but only three generations of
leptons and quarks. In these extensions the contributions fL and fR to the respective
form factors (cf. Eq. (5.2)) are absent at tree-level and can only be induced through
loop corrections. In Chapter 4 we introduced a conceptually very simple extension
of the SM, namely, the SM4. The SM4 is an extension of the SM by a heavy fourth
sequential generation of chiral quarks and leptons. The addition of a chiral fourth
generation changes the structure of the CKM matrix and significant deviations of
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Vtb ∼ 1 are possible. Such a deviation would imply a sizeable correction fL already at
tree-level and a possible deviation can be directly compared with the latest Tevatron
measurements of the strength of the tbW vertex from single-top production. In [102],
the possible modifications of the CKM matrix elements in the SM4 were studied by
taking into account several theoretical and experimental constraints (including the
unitarity of the 4× 4 CKM matrix, flavour observables and the oblique parameters).
It was found that with a fourth chiral generation, the absolute value of Vtb can be as
low as 0.93 [102]. The latest measurements of the single top cross section performed
by the CDF and DØ collaborations [116] result in an absolute value of:
|Vtb| = 1.02+0.10−0.11. (5.23)
We thus see that a lower limit of |Vtb| = 0.93 in the SM4 is well within the current
experimentally allowed region.
Instead of adding a fourth chiral generation to the existing three, one might consider
adding vector-like quarks to the SM, i.e. quarks whose left- and right-handed compo-
nents are equally charged under SU(2)L×U(1) (or a more general gauge group). The
addition of these vector-like quarks can modify the strength of the tbW vertex and/or
induce a non-zero coupling fR already at tree-level. We will discuss both possibilities
briefly. Vector-like quarks appear in several SM extension, for example in so-called
little Higgs models. A few words on little Higgs models will suffice for the present
discussion. Little Higgs models provide a mechanism to alleviate the hierarchy prob-
lem (cf. Section 2.3) by introducing new heavy partners to the top quark and gauge
bosons which cancel the quadratic divergence to the Higgs mass at the one-loop level.
In the so-called littlest Higgs model (LH) with T -parity [117,118,119], the left-handed
component tL of the top quark mixes with the left-handed part TL of the new top
quark partner T 1. As a consequence the tbW vertex is modified at tree-level. From
the definition
FL = Vtb + fLHL , (5.24)
it follows that the shift in the (tree-level) top quark decay width is given by
dΓBorntbW
ΓBorntbW
= 2f
LH
L
Vtb
. (5.25)
In [120] it was shown that these corrections are negative and can become larger as
10% in magnitude. By comparison with the lower limit on |Vtb| (cf. Eq 5.23) we see
that in littlest Higgs models a negative correction of roughly 20% to the top quark
1The new heavy top quark partner T is a vector-like singlet under SU(2)L × U(1)Y . Since both
the right-handed fields tR, TR are SU(2)L singlets, the tbW vertex receives no contribution fR at
tree-level.
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decay width is still possible. This can be used to set limits on the littlest Higgs model
parameters.
One can also consider adding vector-like multiplets instead of only vector-like singlets
(In Chapter 7 we consider such an extension of the three-generation type-II 2HDM by
additional vector-like singlets and doublets) to the existing three generations. If one
adds vector-like multiplets to the existing three SM generations, these new vector-like
quarks can mix with the existing quarks through Yukawa couplings [121,122,123,124],
and the tbW vertex now receives both contributions fL and fR to the respective
form factors at tree-level. However, adding these quark mixing terms leads to several
phenomenological problems, such as flavour changing neutral currents in the gauge
interactions and left-handed charged currents which are not described by a unitary
CKM matrix [124], and we will not discuss the possibility of quark-mixing any further.
5.1.5 CP-violating effects on the form factors
We conclude this section by making some remarks on CP violation in the Higgs sector
of the type-II 2HDM and the MSSM. In both models we have seen that CP violation
can occur albeit that the underlying mechanisms differ for the two models. In the
type-II 2HDM, CP violation in the Higgs sector can occur at tree level whereas in
the MSSM it is a higher order effect. In both cases the physical mass eigenstates
are denoted by h1, h2 and h3. These states no longer are CP-definite states and have
both scalar and pseudoscalar coupling to all quarks and leptons. In the type-II 2HDM
the contributions fL and gR to the respective form factors due to CP-violation are
however very small and are of the order of 10−4. This is in agreement with the results
of [125,126,127,128,129].
In the MSSM CP-violation in the Higgs sector arises through complex soft-breaking
parameters. To simplify the discussion, we assume that only the trilinear couplings
At and Ab as well as the Higgsino mass parameter µ carry CP-violating phases. The
effects however are very small, of the order of 0.1% for the SUSY parameters discussed
in Section 5.1.2. In Section 8.3 we will comment some more on CP-violation in the
MSSM and its phenomenological implications for the decays of the heavy scalar Higgs
boson H.
5.2 Comparison with experimental results
In this section we discuss indirect and direct constraints on the strength and structure
of the tbW vertex.
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Indirect constraints on the anomalous couplings come from the measured branching
ratio BR (b→ sγ)) = (3.52 ± 0.23 ± +0.09) × 10−4 [130] and the predicted value,
where the effect of the anomalous couplings on the branching ratio BR (b→ sγ) can
be written as [131]:
104 ×BR(b→ sγ) = (3.15± 0.23)− 8.2fL + 427fR − 712 gL + 1.9 gR + . . . (5.26)
The limits derived in reference [131] are shown in Table 5.1. The bounds were obtained
fL fR gL gR
upper limit 0.03 0.0025 0.0004 0.57
lower limit −0.13 −0.0007 −0.0013 −0.15
Table 5.1: Current 95 % C.L. upper and lower bounds on the anomalous form factors in the
tbW vertex from B(B¯ → Xsγ). Here the form factors were assumed to be real.
by allowing only one coupling to be non-zero at a time. These limits are however not
foolproof since there might be cancellations of the different couplings amongst each
other or possible other new physics effects contributing to the form factors.
An important direct test of the strength and the structure of the tbW vertex is the
measurement of helicity fractions. In the decay t → bW+, the W+-boson can be
produced in three different polarisation states; right- and left-handed (±) and longi-
tudinal (0). The helicity fractions F0,± are then defined as the ratio of events with a
particular polarisation, i.e.
F0,± ≡ Γ
(
t→ bW+(λW = 0,±)
)
Γ (t→ bW+) , (5.27)
where λW = 0,± denotes the three possible helicity states of the W+-boson. By
definition F0 + F− + F+ = 1. In the SM their values at lowest order read (mt =
174.2 GeV, mb = 4.7 GeV and mW = 80.403 GeV)
F0 = 0.6967, F+ = 0.0004, F− = 0.3029. (5.28)
Including the NNLO QCD contributions, the helicity fractions are predicted to be
F0 = 0.687 ± 0.005, F− = 0.311 ± 0.005 and F+ = 0.0017 ± 0.0001 [132]. Any
deviation of the helicity fractions from the SM prediction can be caused by new physics
contributing to the tbW vertex.
The helicity fractions can be determined from measurements of the angular distribu-
tion of the decay products of the top quark, specifically through the leptonic decay
W+ → lν. If we denote by θl the angle between the charged lepton three-momentum
in the W+ rest frame and the W+ momentum in the rest frame of the top quark,
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one can write down the normalized angular distribution of the charged lepton. One
finds [22,133]
1
Γ
dΓ
d cos θl
= 38 (1 + cos θl)
2 F+ +
3
8 (1− cos θl)
2 F− +
3
4 sin
2 θlF0. (5.29)
One can then extract the helicity fractions from a fit of Eq. (5.29) to the measured
angular distribution of the charged lepton. In addition to the helicity fractions one
can use complementary observables to extract information about the polarisation of
the W -boson. Such complementary observables are angular asymmetries A± defined
by [134,135]
N(cos θl > z)−N(cos θl < z)
N(cos θl > z) +N(cos θl < z)
, (5.30)
where z = ∓ (22/3− 1) for A± and N stands for the number of events. The angular
asymmetries can be expressed in terms of the helicity fractions. The anomalous cou-
plings fL,R and gL,R can then be constrained by measurements of the helicity fractions
and of the angular asymmetries
The helicity fractions F0,± have been measured at the Tevatron by the CDF and
DØ collaborations [136] and at LHC by the ATLAS collaboration [137,138]. The find-
ings from both the Tevatron and the LHC are consistent with the SM predictions. Set-
ting the right-handed helicity fraction to zero, the results from ATLAS are [137,138]:
F Exp0 = 0.75± 0.08 (stat. + syst.), (5.31)
F Exp− = 0.25± 0.08 (stat. + syst.). (5.32)
The Tevatron results, which were obtained by allowing F0 and F+ to vary simultane-
ously, are [136]:
F Exp0 = 0.732 ± 0.081 (stat. + syst.), (5.33)
F Exp+ = − 0.039± 0.045 (stat. + syst.). (5.34)
Smaller experimental errors can be achieved by fixing F0(F+) to its SM value and
measuring F+(F0). In this fashion, the following limits were obtained by the the CDF
and DØ collaborations [136]:
F Exp0 = 0.685 ± 0.057 (stat. + syst.), (5.35)
F Exp+ = − 0.013± 0.035 (stat. + syst.). (5.36)
From Equations (5.35) and (5.36) we obtain the following value for F−:
F Exp− = 0.328± 0.067 (stat. + syst.). (5.37)
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The errors quoted in the above results are large, but the much larger data sample at
the LHC will reduce the systematic and statistical errors. In the following discussion
we will study the new physics corrections to the helicity fractions F0 and F−. We
will use the combined CDF and DØ results (5.35) and (5.37) to compare the theo-
retical predictions with. The experimental error on F+ is very large and theoretical
predictions for the models discussed below all fall within the limits.
Let us now examine the new physics corrections to the helicity fractions Γ0 and Γ−.
From the definition F0,− = Γ0,−/ΓBorn (cf. Eq (5.27)) of the left-handed and longitu-
dinal helicity fractions, it follows
dFi = d
( Γi
ΓBorn
)
=
( dΓi
ΓBorn
− ΓidΓBornΓ2Born
)
= Fi
(dΓi
Γi
− dΓBornΓBorn
)
, i = 0,−, (5.38)
(5.39)
where dΓi and dΓBorn are the new physics contributions to the lowest order partial
width Γi and to the lowest order top quark decay width ΓBorn. The analytic expressions
are given by Equations (B.16), (B.17) and (B.18). We now define the relative new
physics correction δFi to the tree-level helicity fraction Fi as
δFi ≡ dFi
Fi
=
(dΓi
Γi
− dΓBornΓBorn
)
, i = 0,−. (5.40)
The new physics correction δFi to the respective tree-level helicity fraction Fi is now
a function of the form factors fL,R and gL,R. In the discussion below we will discuss
the quantities
Fi + δFi, i = 0,−. (5.41)
These corrected tree-level helicity fractions can be directly compared with the exper-
imental limits from the CDF and DØ collaborations. The lower and upper limits of
the helicity fractions are indicated in the plots by red dashed-dotted (F0) and blue
dashed-dotted (F−) lines. The type-II 2HDM contributions to the helicity fractions
Eq. (5.41) are shown in Figure 5.11. In Figure 5.11 we show the type-II 2HDM cor-
rection to F0 and F− as a function of tan β and α = β−pi/2. The masses of the Higgs
bosons are mA = mH = 130 GeV, mh = 125 GeV and mH± = 320 GeV. We see from
figure 5.11a that the corrections to the helicity fractions fall well within the experi-
mentally allowed region. The new physics corrections δF0,− to the respective helicity
fractions are shown in Figure 5.11b. The corrections are small and are of the order
O(10−2%) for both dF0 and dF−. The corrections dF− are negative for all values of
tan β. Setting the mixing angle to a fixed value leads to similar results. The masses of
the Higgs bosons also have little effect on the corrections. In the TC2 model [139] and
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Figure 5.11: The helicity fractions F0 + δF0,− and the corrections δF0,− (5.41) in the type-II
2HDM as a function of tan β for α = β− pi2 . The experimentally allowed ranges for the helicity
fractions F0 and F− are indicated by the red and blue dashed-dotted lines respectively.
MSSM [140] similar studies were performed, albeit that the authors of reference [139]
use a slightly different TC2 model than the model discussed in Chapter 3. For the
couplings and masses used in [139] we find agreement. The results for the TC2 are
shown in Figure 5.12. The masses of the charged top-pion and the heavy scalar are
chosen to be; mHETC = 1 TeV, mΠ± = 250 GeV. Figure 5.12a shows the corrected
helicity fractions as a function of fpi. Again, the results fall within the experimentally
allowed regions. Figure 5.12b shows the corrections δF0,− in the TC2 as a function
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Figure 5.12: The helicity fractions F0 + δF0,− and the corrections δF0,− (5.41) in the TC2
as a function of fpi. The experimentally allowed ranges for the helicity fractions F0 and F−
are indicated by the red and blue dashed-dotted lines respectively.
of fpi. For smaller masses, mΠ = 180 GeV,mHt = 125 GeV, the corrections are at
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the percent level. The corrections δF− are negative. Next we show the results in the
MSSM. In Figure 5.13 we only show the corrected helicity fractions F0,− + δF0,− in
the MSSM as a function of tan β for the parameters (5.22). The MSSM corrections
δF0,− are small, O(10−1%), and are negative. The bulk of the corrections comes from
the EW sector.
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Figure 5.13: The corrections to the helic-
ity fractions F0 and F− in the MSSM as a
function of tan β. The experimentally al-
lowed ranges for the helicity fractions F0
and F− are indicated by the red and blue
dashed-dotted lines respectively.
Collecting the results from this section we see that the theoretical predictions for
F0,− + δF0,− in the models discussed above, all fall within the current experimentally
allowed error margin. With these current limits on the helicity fractions F0 and F−,
it is thus not yet possible to constrain the model parameters, namely, tan β in the
type-II 2HDM and MSSM and fpi in the TC2. To constrain these model parameters
higher statistics are needed.
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Part IV
Higgs phenomenology in SM
extensions
71

6
LHC Pseudoscalar Higgs production
and decays
In this chapter we will study the production of a heavy neutral pseudoscalar Higgs
boson A at the LHC and its subsequent decays into pairs of electroweak gauge bosons
V V ′, where V V ′ ∈ {ZZ,W+W−, γγ, Zγ}. We will analyse the production and decays
of a heavy neutral pseudoscalar Higgs in several SM extensions, namely, in the type-II
2HDM, the type-II 2HDM with a fourth sequential generation of fermions and quarks
(2HDM4), the MSSM and Topcolor assisted Technicolor (TC2). For comparison we
also compute the corresponding cross sections of the heavy scalar predicted by these
extensions. To analyse the cross sections we will take into account phenomenologi-
cal and theoretical constraints on the parameters of these SM extensions. The work
presented in this chapter is an extension of the work published in [141].
As we have seen in Chapter 2, extending the SM Higgs sector by an additional complex
Higgs doublet introduces additional scalar and pseudoscalar particles to the theory.
In the TC2, which is effectively a type-II 2HDM, there also exists a pseudoscalar state
called the top-pion. In this chapter we will focus on some aspects of the phenomenology
of a pseudoscalar Higgs boson that appears in the SM extensions discussed in Chap-
ters 2 and 3. An important consequence of the CP-properties of the pseudoscalar
Higgs boson A is that it does not couple to electroweak gauge bosons at tree-level.
These couplings must therefore be loop induced. Because the loop-induced amplitudes
A→ V V ′ involve small gauge couplings and are loop-suppressed by a factor 1/(4pi)2,
the corresponding decay rates are expected to be small.
Why should one focus on decays into electroweak gauge boson pairs, and more specif-
ically, decays into ZZ and W+W−? For a SM Higgs boson with a mass mHSM &
140 GeV the decay modes HSM → WW (∗)/ZZ(∗) have a very high discovery poten-
tial at the Tevatron [142] and at the LHC [6]. The discovery of a spin-zero state in
W+W− and/or ZZ events would then, according to the conventional wisdom just
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stated, suggest that this state is a scalar1. However, in this chapter:
we readdress this issue and ask ourselves the question under which assump-
tions and in which phenomenologically viable scenarios the cross sections
σ(pp → A → V V ′) at the LHC can be of observable size. In the process
we will establish several benchmark scenarios for the production of a CP-
odd Higgs boson and its subsequent decays into pairs of electroweak gauge
bosons.
We will see that there are realistic scenarios possible where the question raised above
can be answered positively. We will not only discuss the W+W− and ZZ decay
modes but investigate a more general class of reactions pp → A → V V ′ where
V V ′ ∈ {ZZ,W+W−, γγ, Zγ}. We will compare these cross sections to those of the
heavy scalar Higgs boson H that is also predicted by the SM extensions discussed in
Chapters 2 and 3. In this chapter we are only interested in the on-shell decays into
electroweak gauge bosons and we focus on pseudoscalars with
mA & 200 GeV. (6.1)
If the mass of A is significantly above the top quark pair production threshold then
A→ tt¯ can become the dominant decay mode in significant portions of the parameter
spaces of the models considered. In the TC2 model we will assume the same limit (6.1)
for the top-pion mass mΠ. In each model we will use the narrow-width approximation
in computing the cross sections for the production of φ = A,H and its subsequent
decay into electroweak gauge bosons. To ensure the validity of this approximation, we
constrain model parameters such that the total width to mass ratio Γφ/mφ is always
less than 0.2. If not stated the otherwise, the computed cross sections refer to the
LHC cross sections for
√
s = 14 TeV.
6.1 A→ V V ′ decays
It is worthwhile to spend a few words on the loop-induced couplings of the pseudoscalar
Higgs boson – of the type-II 2HDM or MSSM –into electroweak gauge bosons, and
the particles which contribute to the decay amplitude. Consider for example the loop-
induced AZZ coupling. In principle all the diagrams depicted in Figure 6.1 contribute
to this coupling. However, since A is CP-odd, no A−φ transitions, where φ = h,H, are
allowed if CP is conserved in the Higgs sector and the diagrams 6.1f vanish. If we focus
on the diagrams 6.1d and 6.1e we see that the self-energy correction on the external
line must be proportional to the Z-boson momenta, and once contracted with the
1The actual distinction between a scalar and pseudoscalar Higgs boson can be made by investigating
the angular correlations in the decays into fermions [143]
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polarization vector of the Z-boson, this contribution vanishes for an on-shell Z-boson.
So we are left with the diagrams 6.1a-6.1c. However, as we have noted in Section 2.2.1,
if the bosonic sector is CP-conserving, they do not contribute to the loop diagrams
and therefore the diagrams 6.1b and 6.1c vanish identically as well. The same can
be said when one considers squarks and sleptons, these scalars do not contribute to
the loop-induced AZZ coupling. Summarising, only diagrams of type 6.1a, containing
virtual fermions contribute to the AZZ coupling. We can apply the same reasoning to
the AW+W−, Aγγ and AZγ couplings. Moreover, since the scalar- and pseudoscalar-
fermion couplings are proportional to the fermion mass, they do not decouple for large
fermion masses. In the MSSM, in addition to the leptons and quarks, neutralinos
and charginos also contribute to the loop-induced AV V ′ couplings. Note that for
the CP-even heavy Higgs boson H, gauge bosons and SUSY scalars contribute to the
loop-induced Hγγ and HZγ couplings.
A
Z
Z
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F
F
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(b)
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Z
Z
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S
S
(b)
A
Z
Z
S
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(c)
A
Z
Zh,H
ϕ
ϕ
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A
Z
Z
h,H
ϕ
ϕ
(e)
A
Z
Zh,H
ϕ
ϕ
(f)
Figure 6.1: Generic diagrams contributing to the AZZ coupling in the MSSM and type-II
2HDM. F and S denote either a fermion or a scalar and ϕ denotes any particle that couples
to the particles external to the respective loop.
The general AV V ′ one-loop amplitude then takes the form
MV V ′ = AV V ′εµναβk1αk2βε∗µV (k1)ε∗νV ′(k2). (6.2)
The partial decay width is then readily obtained from the amplitude (6.2). It reads
Γ(A→ V V ′) = S|AV V ′ |
2λ3/2
32pim3A
, (6.3)
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with λ = (m2A −m2V −m2V ′)2 − 4m2Vm2V ′ and where S is 1/2 in the case of identical
particles in the final state.
6.2 Constraints
Much of the parameter spaces of the models we will discuss are ruled out because
of theoretical considerations and experimental results. In order to obtain meaningful
scenarios for the cross sections σ(pp → A/H → V V ′) these constraints must be
implemented. In this section we will briefly discuss these theoretical and experimental
constraints since they are of paramount importance to establish reliable scenarios in
which the cross sections σ(pp→ A→ V V ′) become maximal.
6.2.1 Higgs sector constraints
The Higgs sector of the type-II 2HDM is constrained by several theoretical and ex-
perimental constraints. Let us start by discussing the theoretical constraints. These
theoretical constraints apply equally well to extensions of the type-II 2HDM with ad-
ditional heavy fermions, cf. Section 6.3.2 and Chapter 7. However, they do not apply
to the Higgs sector of the MSSM. We focus on three important theoretical constraints:
• Positivity of the Higgs potential [144,145,146]
• Tree-level unitarity of the S-matrix [145,146]
• Perturbativity [147,148]
We will discuss these constraints briefly. First we need to rewrite the Higgs potential
(cf. Eq. (2.1)) slightly. Casting it into a different form, the tree-level Higgs poten-
tial (2.1) reads [110]
V (H1,H2) = m211H†1H1 +m222H†2H2 −
(
m212H†1H2 + h.c.
)
+ 12λ1
(
H†1H1
)2
+ 12λ2
(
H†2H2
)2
+ λ3
(
H†1H1
) (
H†2H2
)
+ λ4
(
H†1H2
) (
H†2H1
)
+ 12λ5
(
H†1H2
)2
+ h.c.
+
[(
λ6H†1H1 + λ7H†2H2
)
H†1H2 + h.c.
]
. (6.4)
To ensure that the minimum of the potential is an absolute minimum, the Higgs
potential must be positive for large values of the Higgs fields. One can see that
the dominant interactions at large field values come from the quartic interactions.
Exploring only the quartic interactions, one finds several relations among the couplings
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λi. In our work we set λ6 = λ7 = 0 and in that case the coupling constants must
obey [149]
λ1,2 > 0, λ4 > âĹŠ
√
λ2λ2, λ3 + λ4 − |λ5| > −
√
λ2λ2. (6.5)
By requiring tree-level unitarity for the scattering of Higgs bosons and the longitudinal
parts of the EW gauge bosons, limits on the Higgs couplings can be obtained [144,
145]. These bounds are obtained by requiring that the eigenvalues li of the scattering
matrices, expressed in the Higgs couplings λi, of states with total hypercharge Y and
weak isospin I fulfill |li| < 16pi. Stronger bounds are obtained from perturbativity
arguments for the quartic couplings. One finds |λi| < 4pi, i = 1 . . . 5 [149].
A further powerful tool to constrain the parameter spaces of models with a type-II
2HDM Higgs sector are the oblique parameters S, T and U (cf. Section 4.4). They are
defined through
S = 4s
2
W c
2
W
α
[
δΠZZ(m2Z)− δΠZZ(0)
m2Z
− c
2
W − s2W
sW cW
δΠ′Zγ(0)− δΠ′γγ(0)
]
,
(6.6)
T = 1
α
[
δΠWW (0)
m2W
− δΠZZ(0)
m2Z
]
(6.7)
U = 4s
2
W
α
[
δΠWW (m2W )− δΠWW (0)
m2W
− s2W δΠ′γγ(0)− 2sW cW δΠ′Zγ(0) ,
−c2W
δΠZZ(m2Z)− δΠZZ(0)
m2Z
]
, (6.8)
and are of great importance in the discussion of the type-II 2HDM and the extension
of the 2HDM by a fourth family of quarks and leptons. Note that the above quantities
are defined relative to the SM. One can construct the 95% C.L. ellipse by making use
of the central values, their standard deviations and correlation. These values were
taken from [150,151] and read
Scentr = 0.029, σS = 0.085,
Tcentr = 0.071, σT = 0.081,
ρ = 0.867.
The allowed region in the S-T plane at 95% is then constructed through(
S − Scentr
T − Tcentr
)T(
σ2S σSσTρ
σSσTρ σ
2
T
)(
S − Scentr
T − Tcentr
)
≡ −2 log (1− 0.95) . (6.9)
The oblique electroweak parameters were calculated with the codes FeynArts 3.4,
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Figure 6.2: The S-T ellipse at 95% con-
fidence level for a reference SM Higgs mass
mHSM = 117 GeV.
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FormCalc 6.0 and LoopTools 2.5. The ST -ellipse is shown in Figure 6.2. There
are also several constraints on the 2HDM parameter space from flavour physics. The
strongest ones come from observables measured in B-B¯ mixing and B → Xsγ de-
cays [152]. The bounds from Rb, B-B¯ mixing, and B → Xsγ decays only constrain
the parameters tan β and mH± and become relevant for mH± . 300 GeV or tan β . 1.
However, their combination with bounds from the oblique electroweak parameters can
still constrain the neutral Higgs boson sector, because the states H± with a mass that
is very different from the neutral Higgs boson masses lead to large contributions to
T . Important experimental bounds come from flavour physics observables measured
in B − B¯ mixing, B → Xsγ decays [152]. These bounds however play only a strong
roˆle for small tan β ≤ 1 and charged Higgs masses mH± . 300 GeV and measurement
of the ratio Rb. The observable Rb is defined as the ratio of the Zbb¯ decay width
and the total hadronic decay width of the Z-boson. In models with extended Higgs
sectors, charged Higgs bosons alter the Zbb¯ vector couplings. In the type-II 2HDM,
the charged Higgs contribution to the vector couplings read [153,154]
δgL =
1
16pi2
(
gmt√
2mW
cotβ
)
e√
2sW cW
(
R
R− 1 −
R logR
(R− 1)2
)
, (6.10)
δgR = − 116pi2
(
gmt√
2mW
tan β
)
e√
2sW cW
(
R
R− 1 −
R logR
(R− 1)2
)
, (6.11)
with R = m2t /m2H± . One can use these expressions to derive bounds on tan β and
the charged Higgs mass mH± . If one expands Rb to first order in the new-physics
contribution to the left- and right-handed Zbb¯ couplings one finds [154]
δRb = −0.7785δgL + 0.1409δgR. (6.12)
For small tan β, the neutral Higgs couplings to bottom quarks are small, and contri-
butions to Z → bb¯ due to neutral Higgs boson exchange can be neglected. The SM
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and measured values were taken Rb from reference [154]:
RSMb = 0.2158,
Rexpb = 0.21642± 0.00073. (6.13)
This leads to the following constraint on δRb:
− 8.4 · 10−4 < δRb < 2.08 · 10−3. (6.14)
6.2.2 Constraints from Higgs searches
The most important experimental constraints on the parameter space of the SM ex-
tensions we will discuss in this chapter are the exclusion bounds from Higgs searches at
LEP, Tevatron and the LHC. For the SM extensions discussed in this chapter, we used
the public code HiggsBounds-3.6.1beta [155, 156], which includes results from the
ATLAS and CMS collaborations [157,5,158,4,159,160], to determine if a set of model
parameters is excluded at 95% C.L. For each Higgs boson Hi in an SM extension,
HiggsBounds requires information on the mass, total decay width, production cross
section, couplings of the Higgs boson to SM particles (normalised by the correspond-
ing SM Higgs boson couplings) and whether the respective Higgs boson is CP-even,
CP-odd or an admixture. HiggsBounds then uses experimental tables to compare the
predicted cross sections σ(Hi → X) with the observed limits of this cross section. For
predicted cross sections σ(Hi → X) that exceed the exclusion limits, HiggsBounds
then returns that this particular parameter point is excluded at 95% C.L.
6.3 Theoretical results
At the LHC the dominant production mechanism for pseudoscalar Higgs bosons is,
in most of the parameter spaces of the models discussed here, through the process
of gluon fusion gg → A and at present the NLO and NNLO QCD corrections to
the pseudoscalar production in the MSSM are known [161, 162]. However, instead of
employing the exact NNLO pseudoscalar production cross section, we will employ an
approximation for all the models discussed in this chapter. In this approximation, the
corresponding partonic cross sections σ(gg → A/H)BSM are calculated in the so-called
effective coupling approximation [163] whereby the cross section σ(gg → A/H)BSM
in an SM extension is obtained by rescaling the SM cross section by the ratio of
A/H → gg decay widths:
σ(gg → A/H)BSM ≈ σ(gg → HSM)Γ(A/H → gg)BSMΓ(HSM → gg) , (6.15)
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where HSM is the SM Higgs boson with mHSM = mA/H . In some models, for instance
the type-II 2HDM or the MSSM at large tan β, the bb¯ production mode becomes
important too [164, 165, 166]. In these cases we approximate the bb¯→ φ cross section
analogously by
σ(bb¯→ A/H)BSM ≈ σ(bb¯→ HSM)Γ(A/H → bb¯)BSMΓ(HSM → bb¯)
. (6.16)
The SM production cross sections and decay widths were calculated with FeynHiggs
2.6.5 [167]. For the SM production cross sections FeynHiggs includes NNLO QCD
corrections and NNLL soft gluon resummation effects by interpolating the tables
from [168]. The scaling of the SM production cross sections was done by implement-
ing analytic formulae for the H/A → gg decay widths for the various models under
consideration. A full calculation of these at leading order can be found in Appendix C.
If not stated otherwise, the following SM parameters are used:
1/αem = 137.036, αs = 0.1176
mZ = 91.1876 GeV, mW = 80.398 GeV,
mt = 173.2 GeV, mb = 4.8 GeV, mτ = 1.777 GeV. (6.17)
For the calculation of the decay widths at one-loop we used FeynArts 3.4 [169, 170]
in combination with FormCalc 6.0 and LoopTools 2.3 [171,172].
6.3.1 Type-II two-Higgs-doublet model
We will now discuss the first model, the type-II 2HDM which was introduced in Chap-
ter 2. The independent parameters of the type-II 2HDM are
tan β, α, mh, mH , mA, mH± , λ1, (6.18)
where λ1 refers to the potential as given in Eq. (6.4). This parameterisation was
chosen to allow for a direct comparison with the theoretical Higgs sector constraints
from the public code 2HDMc [149]. Combining the constraints from Rb and the oblique
electroweak parameters, we find as a first result, a lower bound on tan β
tan β & 0.7. (6.19)
Note that in the large tan β regime, the Yukawa coupling of A to the bottom quark is
enhanced and bb¯ fusion becomes an important production mechanism alongside with
gluon fusion. It is important to note that in the relevant parameter space region of
the 2HDM the contribution to the oblique parameter U is too small to lead to any
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Figure 6.3: Scatter plots of the LHC cross sections σ(pp → A/H → V V ′) for √s = 14 TeV
in the type-II 2HDM.
significant constraints. The Rb bound was checked by using the respective formulæ
Eq. (6.10). The flavour physics bounds are obeyed by requiring mH± > 360 GeV. The
results of the first scan are shown in Figure (6.3) where scatter plots of the combina-
tions of σ(pp→ H → V V ′) and σ(pp→ A→ V V ′) (with V V ′ = W+W−, ZZ, γγ, Zγ)
that we found within the allowed parameter space are presented. Separate parameter
scans were performed for each final state. The point density in Figure 6.3 does not
represent a probability density. It does, however, give a qualitative measure of the
amount of fine-tuning required to obtain certain combinations of cross sections and
ideally large cross sections. The figures show that for the γγ and Zγ final states, a large
cross section σ(pp→ H → γγ, Zγ) is typically accompanied by a large cross section for
the pseudoscalar Higgs boson A and the σ(pp → A → γγ, Zγ) cross section is larger.
For the W+W− and ZZ final states there is no strong correlation. The parameter
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scan leads to the following values for the maximal cross sections σ(pp→ A→ V V ′)
σ(pp→ A→W+W−) . 0.7 pb,
σ(pp→ A→ ZZ) . 0.03 pb,
σ(pp→ A→ γγ) . 0.2 pb,
σ(pp→ A→ Zγ) . 0.04 pb. (6.20)
These maximal cross sections are obtained for the following 2HDM parameters
tan β ≈ 0.75 , mA = 320 GeV , mH± > 370 GeV,
β − α ≈ pi2 or mh > mA −mZ . (6.21)
It is interesting to note that the cross sections σ(pp → A → V V ′) become maximal
simultaneously and this requires an explanation. In the above parameter set (we
will refer to a particular parameter set as a scenario), two different scenarios can
be read off from the last line, for which the cross section σ(pp → A → V V ′) become
maximal. But let us first discuss the overall relevance of these scenarios. In the type-II
2HDM the production mechanism for a pseudoscalar Higgs boson through gluon fusion
depends strongly on tan β and is dominated by heavy quark loops, most notably the top
quark. For small tan β the coupling Att¯ is enhanced by cotβ whereas all couplings to
down-type quarks are suppressed by the factor tan β. The rationale for increasing the
σ(pp→ A→W+W−/ZZ) cross sections lies in the fact of increasing the two particular
branching ratios. On the one hand this can be done by suppressing competing decay
channels. For the two scenarios given in Eq. (6.21) the mass of the pseudoscalar Higgs
boson mA is such that the decay into tt¯ is kinematically not allowed. There is thus
no phase space suppression of the decay modes A → W+W−/ZZ. Furthermore, the
option β −α ≈ pi2 means that all relevant processes proportional to the angular factor
cos(β − α) are suppressed. In the case of the A decays, the process A → Zh is thus
highly suppressed in this limit. On the other hand, the second option mh > mA−mZ
in Eq. (6.21) means that the same process A → Zh is not kinematically allowed;
therefore the A → W+W−/ZZ branching ratios are enhanced and subsequently the
cross sections increase. Note that the scenario in which cos(β−α) is suppressed is the
so-called decoupling limit [110] which we also have encountered in Chapter 5. In this
limit the light Higgs boson h becomes SM-like, cf. Section 5.1.1. However, the cross
sections σ(pp→ H →W+W−, ZZ) can still be of the order of 10 pb in this scenario,
if β − α is only slightly different from pi/2. Summarising we see that there are two
mechanisms to enhance the A→W+W−/ZZ branching ratios; namely by kinematical
and parametrical suppression of competing decay channels.
In a second series of scans, the cross sections σ(pp→ H → V V ′) were taken to be the
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respective importance functions. We found the following maximal cross sections:
σ(pp→ H →W+W−) . 26 pb,
σ(pp→ H → ZZ) . 10 pb,
σ(pp→ H → γγ) . 0.016 pb,
σ(pp→ H → Zγ) . 0.1 pb. (6.22)
Contrary to the first scan, the cross sections (6.22) do not reach their maximal values
in the same parts of the 2HDM parameter space. The cross section σ(pp→ A→ γγ)
reaches it maximal value for the following parameters
tan β ≈ 0.75 , mH = 265 GeV , mH± > 370 GeV,
β − α ≈ pi2 , mh > mH/2. (6.23)
Again, the angular factor cos(β − α)  1 suppresses the H → W+W−/ZZ decays
and thereby increases the H → γγ branching ratios. Furthermore the decay H → hh
is kinematically not allowed for masses mh > mH/2. The dominant contributions
to gluon fusion gg → H come, for small tan β, from top quark loops, since the Htt¯
coupling is proportional to 1/ sin β. The decays H → W+W−/ZZ are maximal in a
different region of the parameter space:
tan β ≈ 0.75 , mH = 220 GeV , mH± > 370 GeV,
α ≈ pi2 , mh > mH/2. (6.24)
In this scenario there is no suppression due to the angular factor β − α. For α ≈ pi2
one finds cos(β − α) ≈ 0.6. Again, the mass of the lightest Higgs boson is such that
the decay H → hh is kinematically forbidden. We conclude with the cross section for
H → Zγ. The scenario in which this cross section reaches its maximal value is
tan β ≈ 0.9 , mh = mH = 150 GeV,
mA,mH± > 315 GeV , α ≈
pi
2 . (6.25)
The decays H →W+W−/ZZ are kinematically forbidden for the above values of mh
and mH . The main contribution to the H → Zγ decay comes from bosonic loops.
6.3.2 A heavy fourth generation
In this section we will investigate the cross section σ(pp → A/H → V V ′) in an
extension of the type-II 2HDM with a fourth sequential generation of quarks and
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leptons (cf. Section 4.6.2). We will denote this extension by 2HDM4. Contrary to
Chapter 4 we will not assume a general flavour structure; we neglect mixing between
the third and fourth generation quarks. We will denote these additional fermions as
in Chapter 4 by `4, ν4, b′ and t′. In the 2HDM4, the cross sections σ(pp → A/H →
V V ′) will certainly be affected by these new (and heavy) fermions. In particular
the production cross sections σ(gg → h,H,A) can be enhanced compared to the SM
production cross section σ(gg → HSM).
Of course, the mass of these hypothetical fermions must be large and we quote the
lower bounds masses from searches at CMS [173,85,86]
mt′ > 500 GeV, mb′ > 500 GeV. (6.26)
The non-observation of fourth generation fermions2 at LEP2 implies the lower bounds
m`4,ν4 & 100 GeV [84]. Experimental bounds on the S, T , and U parameters addition-
ally constrain the mass splitting within the SU(2)L doublets. A large mass splitting of
the IW = ±1/2 partners of the (t′, b′) doublet yields a large correction to the T param-
eter, while a small mass splitting results in a large contribution to the parameter S.
As in the type-II 2HDM with three generations, the oblique parameter U is too small
to allow for any meaningful restrictions on fermion masses and model parameters and
therefore plays no part in this discussion. As noted, a small mass splitting between
the IW = ±1/2 partners leads to a large correction to the S parameter. In the SM
with a fourth sequential generation with negligible mixing, the contribution to S reads
S = 23pi −
1
3pi
(
log mt
′
mb′
− log mν4
m`4
)
(6.27)
and this would certainly exclude such a scenario3. However, the additional contri-
butions from the extended Higgs sector in the 2HDM4 to the T parameter drive the
S and T parameters back into the 95% CF level ellipse in the S − T plane (cf. Fig-
ure 6.2). A small mass splitting is thus still allowed in the 2HDM4. However, a small
mass splitting between t′ and b′ does not influence the cross sections noticeably and
we will use the following lower bounds:
m`4,ν4 > 100 GeV, mt′ = mb′ > 500 GeV. (6.28)
Concerning the bounds on the extended Higgs sector of the 2HDM4, we use the same
as those in Section 6.3.1.
2Contrary to Chapter 4 we drop here the assumption of a stable fourth generation neutrino.
3If one drops the assumption of a small mass splitting, a fourth generation can not be excluded solely
from the constraints that result from the oblique parameters [174].
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The strongest constraints on the parameter space of the 2HDM4 come from the most
recent results from direct Higgs boson searches by the ATLAS and CMS collabora-
tions [5, 4]. These recent results have important consequences for the allowed values
of the pseudoscalar cross sections in the mass range 200 GeV . mA . 2mt. In the
previous section 6.3.1, we studied the type-II 2HDM and we found that the largest
pseudoscalar cross sections σ(pp → A → V V ′), cf. (6.20), are obtained in the de-
coupling limit β − α = pi2 . In the decoupling limit there is a suppression of com-
peting decay channels for the pseudoscalar Higgs boson A and as a consequence, the
branching ratios BR (A→ V V ′) are enhanced. In the 2HDM4 we would expect the
same behaviour. However, in the 2HDM4, the production cross section σ(pp → h) is
strongly enhanced and the cross section σ(pp → h → WW ) exceeds the limits from
the h→WW (∗) → ``νν, ` = e, µ search channel [175] in large parts of the parameter
space. Likewise the production cross section σ(gg → H) can be strongly enhanced,
and the product σ(gg → H) × BR (H →W−W+) exceeds the exclusion limits [175]
in large parts of the 2HDM4 parameter space.
A closer analysis with HiggsBounds shows that the most sensitive search channel in
the mass range 200 GeV . mA . 2mt is the decay mode A → τ+τ− [176]. However,
this is based on the assumption that in the mass range 200 GeV . mA . 2mt, and for
all other model parameters, the branching ratio BRτ ≡ BR
(
A→ τ+τ−) is larger than
the branching ratio BRW ≡ BR
(
A→W+W−). This must be checked explicitly since
the branching ratio BRτ depends strongly on the value of tan β because of the Aτ+τ−
coupling which is proportional to tan β. Of course, the pseudoscalar mass mA and
the other model parameters (cf. Eq.(6.18)) also influence the branching ratios BRτ
and BRW , but tan β and mA are the most important parameters in this context. The
other model parameters do not have a strong effect on the pseudoscalar cross section
and for the present analysis we choose the following values for these parameters (cf.
Eq. (6.18))
mh = 124 GeV , mH = 300 GeV , mH+ = 370 GeV,
β − α ≈ pi4 , λ1 = 3. (6.29)
A closer inspection then reveals:
1. For tan β < 1, the Aτ+τ− coupling is suppressed and the branching ratio
BRτ is smaller than the corresponding branching ratio BRW in the mass range
200 GeV . mA . 2mt. However, the production cross section σ(A → gg) is
strongly enhanced and an analysis with HiggsBounds shows that for tan β < 1
the cross section σ(A→ τ+τ−) exceeds the CMS exclusion limits.
2. For tan β > 1 both the branching ratio BRτ and the production cross section
σ(A → gg) are enhanced and the cross section σ(A → τ+τ−) exceeds the CMS
exclusion limits.
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Let us summarise our findings in the 2HDM4: we have analysed the cross sections
σ(pp → A → W+W−) in the 2HDM4 with the help of the latest CMS and ATLAS
experimental results. For all values of tan β and for all values of mA between 200 GeV
and 2mt the gluon fusion production cross section is strongly enhanced and the cross
section σ(A→ τ+τ−) exceeds the exclusion limits set by the CMS collaboration. One
can manually set an upper limit of σ(A→gg)σ(HSM→gg) ≈ 2 in the scenario (6.29), but it is
impossible to tune the 2HDM4 model parameters to comply with this upper bound.
Of course, one could investigate the mass range mA & 2mt. This would open up
the decay channel A → tt¯ and reduce the branching ratios BR (A→ τ+τ−) and it is
possible to evade the previous discussed bounds on the A→ τ+τ− channel. However,
for a pseudoscalar mass mA = 400 GeV (and the other parameters as in (6.29)) for
example, the cross sections σ(pp → A → W+W−/ZZ) are of the order of several
femtobarn for
√
s = 14 TeV and these would not be observable at the LHC.
We can thus exclude the 2HDM4 parameter space for 200 GeV . mA . 2mt and for
all values of tan β.
A more exotic possibility for new heavy fermions are vector-like quarks, i.e. quarks
whose left- and right-chiral components have equal SU(2)L × U(1)Y gauge charges
(see e.g. [177, 124, 122, 178]). We will discuss an extension of the type-II 2HDM with
vector-like quarks in the next chapter.
6.3.3 MSSM
In the MSSM the loop induced decays H → γγ, Zγ of the heavy scalar H have al-
ready been discussed in detail in the literature [179]. Moreover, we will investigate
the decays H → W+W−/ZZ in more detail in Chapter 8. Therefore in this section
we will concentrate on the MSSM cross sections σ(pp → A → V V ′) for the pseu-
doscalar Higgs boson A. The decays and branching ratios have been studied before,
albeit under certain limiting assumptions. In [180] the branching ratios of the pseu-
doscalar Higgs boson A into gauge bosons were calculated under the assumption that
all SUSY particles are too heavy to yield relevant contributions to the effective AV V ′
couplings. However, as we have already seen, and made use of, in Chapter 5, the
lower bounds on chargino and neutralino masses are still relatively weak and values
as low as 100 GeV or 60 GeV are still possible. It is therefore natural to extend the
results of previous studies [180] to include the contributions of SUSY particles to the
loop-mediated gg → A production mechanism and the A→ V V ′ decays. We will see
that these contributions are relevant in those regions of the MSSM parameter space
that maximize the pp → A → V V ′ cross sections. As mentioned above and outlined
in Section 6.1, contributions from SUSY particles have to be taken into account when
calculating the amplitudes for the loop-mediated production or decay processes. At
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the one-loop level, the loop-induced decay amplitudes of the heavy Higgs boson H
into γγ and Zγ receives contributions from loops of squarks, sleptons, charginos and
neutralinos. The squark and slepton loop contributions to the pseudoscalar Higgs
decays vanish since parity is conserved in the bosonic sector of the MSSM. For the
same reason the gg → A production amplitude receives no new contributions, while
the gg → H process is now also mediated by squark loops.
However, the branching ratios of the decay of the pseudoscalar Higgs boson A into
electroweak gauge bosons turn out to be very small and the cross sections that we have
studied turn out to be insensitive to most of the parameters from the SUSY particles
contributing to the loops mentioned above. Let us spend a few words on the branching
ratios of the pseudoscalar Higgs boson in the MSSM and their parameter dependence.
Although charginos and neutralinos now contribute (and sfermions for the heavy scalar
H) to the production and decays of the pseudoscalar Higgs boson A, the mass range
we wish to investigate does not allow for decays into most of these SUSY particles.
Since we are interested in pseudoscalar boson with masses of 200 GeV up to the top
threshold, the tt¯ decay mode is not kinematically accessible and does not dominate
the branching ratios and subsequently decrease the cross sections σ(pp→ A→ V V ′).4
The only decay modes contributing to the total pseudoscalar decay width are then
A→ t˜1t˜1, bb¯, gg, V V ′, Zh, χ+i χ−j , χ0iχ0j . (6.30)
Of course, only the decays into the lighter charginos and neutralinos are kinematically
allowed. Since the sleptons and squarks do not contribute to the loop induced decays,
and are too heavy for A→ f˜ f˜ , we set the trilinear couplings to zero
Au = Ad = Ae = Aτ = Ab = 0, (6.31)
and introduce a common mass scale for the sleptons and squarks mS , i,e,
mq˜ = mu˜R = md˜R = ml˜ = me˜R = mQ˜ = mb˜R = mL˜ = mτ˜R ≡ mS . (6.32)
The mass scale mS must be chosen such that the sfermion masses lie above the current
mass bounds [181] and therefore we set mS = 1 TeV. Furthermore, the gluino mass
mg˜ has no effect on the results whatsoever and we set mg˜ = mS = 1 TeV. The
only parameters relevant to the branching ratios and production cross sections are the
parameters M1,2 and µ from the chargino/neutralino sector, the physical mass MA
and tan β. The physical Higgs boson masses were calculated with FeynHiggs [182].
The Higgs boson self-energies determine the physical mass of the light Higgs boson,
which must lie above the current LEP lower bound. The dominant contributions to
4The tt¯ decay mode does not dominate the branching ratios over the entire parameter space. This
is only the case for small tan β.
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these self-energies come from loops of top quarks and top squarks, due to the large top
Yukawa coupling. We therefore expect our results also to be sensitive to those pMSSM
parameters which affect the top squark masses and couplings, i.e. mQ˜, mt˜R , and At.
However, as was outlined in Section A.1.1, the mass of the light top squark mt˜1 is used
as a free parameter, and the right-handed top squark mt˜R is tuned accordingly.
In summary we are left with an even smaller parameter space than that of the pMSSM
discussed in Section A.1.1 and in the analysis the following parameters were used:
tan β , MA , µ , M2 , mt˜1 , At , mS . (6.33)
On this reduced parameter space we apply the experimental constraints from direct
Higgs-boson searches. Furthermore we require that all charginos and neutralinos are
heavier than 100 GeV and 50 GeV, respectively. The light top squark is required to
be heavier than 100 GeV. These bounds are the same as in Chapter 5. All other
sfermions are taken to be heavier than 1 TeV.
In the 2HDM the largest scalar and pseudoscalar Higgs production cross sections were
obtained for small tan β, i.e. tan β . 1, because the gg → A production mechanism is
enhanced in that case. In the pMSSM the bounds on the lightest Higgs-boson mass
require tan β & 3. In that case the Higgs production rate due to gluon fusion is much
smaller than for tan β ∼ 1. However, for very large values of tan β the Abb¯ coupling is
enhanced and the bb¯→ A production mechanism at the LHC can become the dominant
one. In the pMSSM the largest Higgs-boson production cross sections are obtained
in this scenario. Of course the A → bb¯ partial decay widths then dominate the total
width and the branching ratios for other decay modes are suppressed. Nonetheless,
the largest cross section σ(pp → A → V V ′) are obtained at large tan β. In this case
the production cross section σA and the total decay width ΓA are both approximately
proportional to the strongly enhanced Abb¯ coupling. Thus any dependence on the
MSSM parameters that enters through loop corrections to the Abb¯ vertex cancels
when we compute the cross section σ(pp → A → V V ′), because it is proportional to
the ratio σ(pp→ A)/ΓA.
The largest A→ V V ′ partial decay widths are obtained ifMA is close to a two-chargino
or a two-neutralino threshold, while the largest A production rates are obtained for
small MA. Parameter space regions with the largest cross sections σ(pp→ A→ V V ′)
are thus characterized by
mχ±1
≈ mχ02 ≈ 100 GeV , MA ≈ 200 GeV. (6.34)
At tan β = 20 this is realized for
M2 ≈ 127 GeV , µ ≈ 220 GeV. (6.35)
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Figure 6.4: The cross sections σ(pp →
A → V V ′) at the LHC for √s = 14 TeV
in the MSSM as a function of tan β. The
blue line shows the total production cross
section σA. The σ(pp → A → W+W−),
σ(pp → A → ZZ), σ(pp → A → γγ)
and σ(pp → A → Zγ) cross sections are
indicated by the solid, dashed, dotted and
dashed-dotted lines respectively.
Figure 6.4 shows the cross sections for the pseudoscalar Higgs A as a function of
tan β. We see that the cross sections are of the order of a fb. Within the constraints
discussed in this section, we obtain the following upper limits on the cross sections
σ(pp→ A→ V V ′):
σ(pp→ A→W+W+) . 0.86 fb,
σ(pp→ A→ ZZ) . 0.22 fb,
σ(pp→ A→ γγ) . 0.06 fb,
σ(pp→ A→ Zγ) . 0.20 fb. (6.36)
As mentioned earlier in this section, the maximal values are obtained for tan β ∼ 20.
The light top squark mass in this scenario is approximately 110 GeV.
We close this section by commenting on the branching ratios BR(A→ V V ′). In accor-
dance with [180] we find that the non-SUSY contributions to the A→ V V ′ decays lead
to branching ratios of the order of 10−6 (and even below) in this region of parameter
space. However, the contributions from loops of charginos and neutralinos can increase
the branching ratios by an order of magnitude. Figure 6.5 shows the various branching
ratios BR(A → V V ′) of the pseudoscalar Higgs boson A as a function of tan β and
the physical mass MA. We see that the largest branching ratios are obtained for small
tan β. For small tan β they can be of the order of 10−3 and decrease by an order of
magnitude for larger tan β. However, we have seen that the largest cross sections are
realized for large tan β, where bb¯-fusion becomes dominant. The branching ratios as a
function of the mass MA increase with increasing MA. This is because the branching
ratio BR(A → bb¯) decreases. As a function of MA they can be of the order of 10−4
for the W+W− final state.
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Figure 6.5: Branching ratiosBR(A→ V V ′) in the MSSM. The left panel shows the branching
ratios as a function of tan β for a fixed value MA = 200 GeV. The right panel shows the
branching ratios as a function of the pseudoscalar mass MA for a fixed value of tan β = 20.
The solid lines display the A→W+W− branching ratios, the dashed lines display the A→ ZZ,
the dotted lines display the A→ γγ branching ratios and the dashed-dotted lines display the
A→ Zγ branching ratios.
6.3.4 Topcolor assisted Technicolor
We now study the maximally allowed cross sections σ(pp→ Π→ V V ′) at the LHC in
the TC2. The TC2 (cf. Chapter 3) scalar and pseudoscalar spin-zero particle content
consists of a heavy neutral scalar HETC with a mass of order 1 TeV, a neutral scalar Ht,
a neutral (pseudoscalar) top-pion Π and a pair of charged top-pions, Π±. The TC2
model is an effective type-II 2HDM. Experimental constraints on the TC2 models
were analyzed in [183, 184, 185, 186]. The relevant constraints come from b → sγ
decays, the LEP measurement of the hadronic Z → bb¯ branching ratio Rb and the
oblique electroweak parameter T . The bound from b → sγ decays is satisfied if t .
0.1 [185]. The bounds on the parameters of the TC2 models that result from Rb and T
are considerably weaker than the corresponding ones in the 2HDM due to additional
contributions from extended Technicolor and Topcolor gauge bosons [184,186]. In [184]
it was found that top-pion masses as low as 280 GeV are still allowed for t = 0.1 and
fpi = 70 GeV. In order to estimate the maximal values of the LHC σΠ and σHt
production cross sections, we have therefore chosen these parameter values.
In Chapter 3 we related the TC2 parameters Yt, t and fpi, vT to the 2HDM mixing
angles α and β and we found the the TC2 is formally equivalent to a type-II 2HDM for
small tan β. Moreover, the top-Higgs Ht and the top-pion Π do not couple to down-
type fermions (cf. Section 3.4). This means that bb¯ → Π, Ht is suppressed and that
the most important production mechanism of the top-pion Π and the top-Higgs Ht is
through gluon fusion. Depending on the assumptions of the underlying technifermion
sector, these technifermions can carry QCD charges [42,187,188,189]. However in our
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case, by construction, they do not and therefore do not contribute to the gluon fusion
process. The amplitudes gg → Π and gg → Ht then only receive a contribution from
the top quark loop. As to gg → Ht, the contribution of Topcolor gauge bosons is
negligible [188]. On the other hand, technifermions do contribute to the decays of the
top-pion Π into γγ, Zγ, ZZ. The Technicolor component of the mass eigenstate Π,
which is part of a SU(2)L triplet, has effective couplings to weak gauge bosons through
the chiral anomaly. These anomalous terms have been listed in Section 3.4.1.
The loop-mediated decays into γγ and Zγ have only very small branching ratios. The
top-pion Π decays dominantly into gluon pairs if Π → tt¯ is kinematically forbidden.
If mHt is below the tt¯ threshold, Ht decays dominantly into W+W− and ZZ for the
above parameter values, and we obtain cross sections σ(pp → Ht → W+W−, ZZ) of
about 60 pb and 25 pb, respectively. However, an analysis with Higgsbounds shows
that such large values are excluded by direct Higgs boson searches, from the ATLAS
collaboration, in the H → WW (∗) → ``νν, ` = e, µ search channel [175]. Although
the TC2 is an effective type-II 2HDM, the parameters vT , fpi and t, Yt are constrained
by several relations, cf. Equations (3.35) – (3.38), and the requirement that the ETC
sector only contributes little to EWSB, i.e. t  1. A closer analysis of the TC2
parameters reveals that it is not possible to find a, finely-tuned, parameter set to evade
the exclusion limits from the above mentioned search channel. TheHtW+W− coupling
scales with fpi, however, reducing fpi increases the cross section σ(pp→ Π→ Zγ) and
this cross section exceeds the limits set by the DØ collaboration [190]. The TC2 is
still viable if the top-Higgs mass mHt is raised just above the tt¯ threshold. This
then reduces the branching ratio BR
(
Ht →W+W−
)
. In the following discussion the
top-Higgs mass mHt is fixed at mHt = 380 GeV.
Figure 6.6 shows the LHC top-pion production cross sections σΠ and the cross sec-
tions σ(pp → Π → V V ′) as functions of the mass of the respective resonance for the
parameters given above. We see that for
√
s = 14 TeV, the Π production rates is quite
large with a value of 500 pb. The cross sections become maximal if the mass of the
top-pion is just below the tt¯ threshold. For mΠ ≈ 2mt and
√
s = 14 TeV we have
σ(pp→ Π→W+W−) = 9.7 pb,
σ(pp→ Π→ ZZ) = 0.55 pb,
σ(pp→ Π→ γγ) = 1.2 pb,
σ(pp→ Π→ Zγ) = 0.41 pb, (6.37)
The corresponding maximal cross sections for
√
s = 7 TeV are roughly an order of
magnitude smaller. With the anomalous contributions, the cross section σ(pp→ Π→
γγ) is larger by a factor ∼ 2.5, while σ(pp → Π → ZZ) decreases by about a factor
∼ 2. The cross section σ(pp→ Π→ Zγ) remains essentially unchanged. We see that
the cross sections for Π → ZZ,Zγ are comparable in size. For mHt = 380 GeV, the
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Figure 6.6: The LHC cross sections σΠ and σ(pp → Π → V V ′) as functions of the top-
pion and top-Higgs masses and V V ′ ∈ {W+W−, ZZ, γγ, Zγ}) in the TC2 with t = 0.1 and
fpi = 70 GeV. The solid blue line depicts the production cross section σΠ. The σ(pp →
Π → W+W−), σ(pp → Π → ZZ), σ(pp → Π → γγ) and σ(pp → Π → Zγ) cross sections
are indicated by the solid, dashed, dotted and dashed-dotted lines respectively. The left
panel shows the cross sections for
√
s = 7 TeV, the right panel shows the cross sections for√
s = 14 TeV.
corresponding cross sections are
σ(pp→ Ht →W+W−) = 11.1 pb,
σ(pp→ Ht → ZZ) = 5.1 pb,
σ(pp→ Ht → γγ) = 0.002 pb,
σ(pp→ Ht → Zγ) = 0.001 pb. (6.38)
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Verloren sei uns der Tag, wo nicht ein Mal getanzt
wurde! Und falsch heiße uns jede Wahrheit, bei der
es nicht ein Gela¨chter gab!
Friedrich Nietszche, Zarathustra III 7
Extending the type-II 2HDM with
vector-like quarks
Let us have some fun! In this chapter we will discuss an extension of the type-II
2HDM with vector-like quarks, and we will study the implications of this model for
production and decays of pseudoscalar Higgs bosons, much in the same spirit as the
previous chapter. This chapter is an extension of the results of [191].
Vector-like quarks are new quarks whose left- and right-handed components are equally
charged under SU(2)L, or more generally under SU(3)c × SU(2)L × U(1)Y [177, 124,
122, 178]. Vector-like quarks appear in several SM extensions including models with
universal extra dimensions, which contain an entire vector-like fourth generation of
fermions [192], and little Higgs models [117, 119] (cf. Section 5.1.4). Current mass
bounds imply that possible vector-like quarks are heavier than 500 GeV [193].
7.1 Theoretical background
The starting point for this discussion is [123]. In this paper by del Aguila et al. the
authors use an effective Lagrangian approach to study the mixing of the known quarks
with those in SM extensions that include any addition of vector-like quarks. The
method consists of integrating out the new heavy fermions to obtain the corresponding
effective Lagrangian. The general effective description assumes that up to a scale Λ
the physics is described by the effective Lagrangian
L eff = L SM + 1Λ2L
6 + . . . , (7.1)
where L 6 describes corrections arising from new physics at the scale Λ. This La-
grangian contains dimension six operators. Table 7.1 catalogues the vector-like quarks
Q which can mix with the SM fermions through a Yukawa coupling to the SM scalar.
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U D
(
U
D
) (
X
U
) (
D
Y
)  XU
D

 UD
Y

IW 0 0 12
1
2
1
2 1 1
Y
2
2
3 −13 16 76 −56 23 −13
Table 7.1: Vector-like quark multiplets mixing with the SM quarks through Yukawa cou-
plings. The weak isospin IW and charge quantum numbers Y/2 are given in this table.
The charges are not assigned arbitrarily; the weak isospin describes the representation
of SU(2)L under which the quark multiplets transform. For a doublet of vector-like
quarks, both the left- and right-handed doublets have weak isospin 12 . If we go to a
higher dimensional representation of SU(2)L, i.e. a triplet, we need a three dimensional
representation of SU(2)L and the weak isospin equals 1. Since the only ‘physical’
charges are the third weak isospin component T 3 and the electric charge Q, we are
free to assign any value to the hypercharge Y as long as the relation Q = T 3 + Y/2 is
fulfilled. For example(
U
D
)
:
2
3 =
1
2 +
Y
2
−13 = −12 + Y2
}
⇒ Y2 =
1
6 ,(
X
U
)
: QX =
1
2 +
Y
2
2
3 = −12 + Y2
}
⇒ Y2 =
7
6 , QX =
5
3 ,(
D
Y
)
: −
1
3 =
1
2 +
Y
2
QY = −12 + Y2
}
⇒ Y2 = −
5
6 , QY = −
4
3 .
The complete Lagrangian for the quark sector is
L quark = L SM,quark +L h +L SM,h, (7.2)
where L SM,quark and L h involve only the SM quarks and the new heavy quarks and
L SM,h contains their mixing. The heavy quark Lagrangian reads
L h = Q¯aLi /DQaL + Q¯aRi /DQaR −MaQ¯aQa − (λabQ¯aLHabQbR + h.c.), (7.3)
with a, b running from 1 to an arbitrary n. Qa can be any multiplet of Table 7.1. Hab
represents the appropriate form of the scalar required by gauge invariance.
We assume the existence of new heavy fermions transforming as a triplet under SU(2)L.
The Lie Algebra of SU(2)L reads
[Iα, Iβ] = iεαβγIγ , (7.4)
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where εαβγ is the complete anti-symmetric tensor in 3 dimensions and the Tα are the
generators of SU(2)L in the respective representation. A two dimensional representa-
tion of SU(2)L consists of the Pauli matrices, Iα = τ
α
2 . All left-handed weak isospin
doublets transform according to this representation. Triplets transform according to a
three dimensional representation of SU(2)L. Let us now focus on the possible Yukawa
couplings. The possible Yukawa couplings required by gauge invariance of the quark
multiplets to the SM Higgs field are given in Table 7.2. However, Table 7.2 only lists
U bR D
b
R
 XRUR
DR

b  URDR
YR

b
(
U¯L
D¯L
)a
H˜SM HSM τ i2 H˜SM τ
i
2 HSM
(
X¯L
U¯L
)a
HSM − τ i2 HSM −
(
D¯L
Y¯L
)a
− H˜SM − τ i2 H˜SM
Table 7.2: Yukawa couplings of the quark multiplets to the SM Higgs doublet HSM. H˜SM
denotes the charged conjugated Higgs doublet: H˜SM ≡ iτ2H∗SM.
the various couplings of the fermion multiplets to just one Higgs doublet, the SM Higgs
doublet HSM. Since we are interested in extended sectors and their Higgs couplings we
require two complex Higgs doublets. So let’s introduce a second doublet and simply
enlarge Table 7.2. The possible couplings are listed in Table 7.3. Note: in order to
make sense of a product like τ i2 H˜ (XR, UR, DR)T , the summation index i of the Pauli
matrices (or more precise; the SU(2)L generators in whatever weak isospin represen-
tation of the fermion multiplets) must be read +1, 0,−1, where the ±1 generators
are linear combinations of the first two generators and the 0 index refers to the third
generator. Before we work out the couplings, we observe that the states appearing in
Table 7.3 are not yet mass eigenstates.
The first two Higgs-multiplet couplings in the upper left-hand corner of Table 7.3 are
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U bR D
b
R
 XRUR
DR

b  URDR
YR

b
(
U¯L
D¯L
)a
H˜2 H1 τ i2 H˜1,2 τ
i
2 H1,2
(
X¯L
U¯L
)a
H1,2 − τ i2 H1,2 −
(
D¯L
Y¯L
)a
− H˜1,2 − τ i2 H˜1,2
Table 7.3: Yukawa couplings of the quark multiplets to the complex Higgs doublets H1,2 in
a general 2HDM. H˜1,2 denotes the charged conjugated Higgs doublets: H˜1,2 = iτ2H∗1,2.
coupled like a type-II 2HDM. So we can write immediately
−LY uk =
(
UL
DL
)T
H1DR +
(
UL
DL
)T
H˜2UR + c.c.
= 1√
2
D¯D (h cosα−H sinα) + 1√
2
U¯U (h sinα+H cosα)
− i√
2
D¯γ5DA− i√2 U¯γ5UA+
i√
2
D¯γ5DG− i√2 U¯γ5UG. (7.5)
Let us now focus on a particular extension by vector-like quarks. As a starting point
we will assume a type-II 2HDM and we extend our theory with new heavy vector-like
quarks. We add a SU(2)L doublet Q = (U,D) with hypercharge 1/6 and two SU(2)L
singlets U ′ and D′ with hypercharges +2/3 and −1/3 respectively. The SU(2)L ×
U(1)Y invariant Yukawa Lagrangian and the Lagrangian containing the couplings of
the fermions to the gauge bosons read
LY uk = −λU Q¯LH˜2U ′R − λ˜U Q¯RH˜2U ′L − λDQ¯LH1D′R − λ˜DQ¯RH1D′R + c.c. (7.6)
and
LGauge = iQ¯ /DQ+ iU¯ ′ /DU ′ + iD¯′ /DD′ −MQQ¯Q−MU ′U¯ ′U ′ −MD′D¯′D′. (7.7)
Explicit mass terms are allowed since the various left- and right-handed fields transform
according to the same representation of SU(2)L. The Yukawa couplings λU,D and
λ˜U,D can in general be complex which would lead to CP-violation. However, we are
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not interested in CP-violating effects and we choose all Yukawa couplings to be real.
After electroweak symmetry breaking the Higgs doublets acquire a vacuum expectation
value and the mass terms can be written
Lmass = −
(
U¯L
U¯ ′L
)T (
MQ λUv2
λ˜Uv2 MU ′
)(
UR
U ′R
)
(7.8)
−
(
D¯L
D¯′L
)T (
MQ λUv1
λ˜Dv1 MD′
)(
DR
D′R
)
+ c.c. (7.9)
The mass matrices for the up- and down-type heavy vector-like quarks can be diago-
nalised by making a bi-unitary transformation on the left- and right-handed fields:(
UL,R
U ′L,R
)
=
(
cUL,R −sUL,R
sUL,R c
U
L,R
)(
U˜L,R
U˜ ′L,R
)
, (7.10)(
DL,R
D′L,R
)
=
(
cDL,R −sDL,R
sDL,R c
D
L,R
)(
D˜L,R
D˜′L,R
)
, (7.11)
where sUL ≡ sin θUL etc. The tilde denotes the mass-eigenstates. Inserting these trans-
formations we see that the mass matrices become diagonal if the off-diagonal elements
equal zero. This leads to the following conditions
tan(θUL − θUR) =
v2(λ˜U − λU )
MQ +MU ′
, tan(θUL + θUR) =
v2(λ˜U + λU )
MQ −MU ′ , (7.12)
tan(θDL − θDR ) =
v1(λ˜D − λD)
MQ +MD′
, tan(θDL + θDR ) =
v1(λ˜D + λD)
MQ −MD′ . (7.13)
The mass eigenvalues then read
mU˜ ,D˜ =
1
2
[
cU,DL+R(MQ −MU,D) + cU,DL−R(MQ +MU,D)
+ sU,DL−Rv2,1(λ˜U,D − λU,D) + sU,DL+Rv2,1(λ˜U,D + λU,D)
]
,
mU˜ ′,D˜′ =
1
2
[
−cU,DL+R(MQ −MU,D) + cU,DL−R(MQ +MU,D)
+ sU,DL−Rv2,1(λ˜U,D − λU,D)− sU,DL+Rv2,1(λ˜U,D + λU,D)
]
,
(7.14)
with sUL+R ≡ sin
(
θUL + θUR
)
. The couplings of the vector-like quarks to the gauge and
Higgs bosons now contain the mixing angles cU,DL,R and s
U,D
L,R . For brevity’s sake we will
not list them all. For further discussions, we will only list the Lagrangian containing
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the couplings of the pseudoscalar Higgs boson to the vector-like quarks.
LH =
cosβ√
2
(
λUc
U
Ls
U
R − λ˜UsULcUR
) ¯˜Uγ5U˜A+ cosβ√2
(
λ˜Uc
U
Ls
U
R − λUsULcUR
) ¯˜U ′γ5U˜ ′A
+ cosβ√
2
[(
λUc
U
Lc
U
R + λ˜UsULsUR
) ¯˜URU˜R + (λUsULsUR + λ˜UcULcUR) ¯˜ULU˜L
−
(
λUs
U
Ls
U
R + λ˜UcULcUR
) ¯˜
U ′RU˜
′
R −
(
λUc
U
Lc
U
R + λ˜UsULsUR
)]
A
+ sin β√
2
(
λDc
D
L s
D
R − λ˜DsDL cDR
) ¯˜Dγ5D˜A+ sin β√2
(
λ˜Dc
D
L s
D
R − λDsDL cDR
) ¯˜D′γ5D˜′A
+ sin β√
2
[(
λDc
D
L c
D
R + λ˜DsDL sDR
) ¯˜DRU˜R + (λDsDL sDR + λ˜DcDL cDR) ¯˜DLD˜L
−
(
λDs
D
L s
D
R + λ˜DcDL cDR
) ¯˜
D′RD˜
′
R −
(
λDc
D
L c
D
R + λ˜DsDL sDR
)]
A. (7.15)
To implement the model, we changed the FeynArts 2HDM model file accordingly.
7.2 Production and decays of a pseudoscalar Higgs boson
In spite of the many new model parameters, there are several suppression mechanisms
at work in this extension of the type-II 2HDM. First note that for λU,D = ±λ˜U,D the
Yukawa couplings of the vector-like quarks become parity-conserving and they do not
contribute to A → V V ′ at one-loop. If both λ˜U,D − λU,D and λ˜U,D + λU,D are large,
then the mixing angles θU,DL or θ
U,D
R approach either 0 or pi/2 and many (but not nec-
essarily all) contributions get suppressed by sine or cosine factors of the mixing angles
in the couplings. This can be read off directly from the Yukawa Lagrangian (7.15).
In addition to the suppression mechanisms discussed above there are other cancel-
lations. While the âĂĲdiagonalâĂİ couplings between A and the vector-like quarks
(A ¯˜UU˜,A ¯˜DD˜ etc.) are pure pseudoscalar, the âĂĲoff-diagonalâĂİ couplings, because
of the mixing, have scalar and pseudoscalar Lorentz structure. Yet the contributions
of the scalar terms must cancel. This is seen by observing that these terms change
sign if the fermion flow in the loop is reversed. On the experimental side, the oblique
parameters constrain this model very tightly, since these new vector-like quarks couple
directly to the electroweak gauge bosons. Due to the resulting constraints large con-
tributions to the cross sections can not arise. Besides the conventional type-II 2HDM
parameters, tan β,mh,mH ,mA,mH+ , sin(β − α), λ1, we performed a parameter scan
over the additional parameters
mQ,mU ′ ,mD′ , λU , λ˜U , λD, λ˜D. (7.16)
Note that the masses of these new vector-like quarks are roughly of the order of
O(1 TeV) [193] and therefore on-shell decays of the pseudoscalar boson A and the
98
7.2 Production and decays of a pseudoscalar Higgs boson
heavy scalar boson H into pairs of vector-like quarks are not possible. Figure 7.1
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Figure 7.1: Scatter plots of the LHC cross sections σ(pp → A/H → V V ′) for √s = 14 TeV
in the type-II 2HDM with additional vector-like quarks.
shows the results of the parameter scan over the type-II 2HDM parameter and the
additional parameters (7.16). As can be seen from Figure 7.1 the cross sections do not
change notably compared to those of the type-II 2HDM. A closer look reveals that
the cross sections are even smaller. This is due to the several suppression mechanisms
discussed above. We observe that the σ(pp → H → W+W−/ZZ) are an order of
magnitude larger than those for the pseudoscalar Higgs boson A, whereas the cross
sections for the γγ and Zγ final states can be of the same magnitude. The maximal
cross sections are reached in the same part of the type-II 2HDM parameter space
Eq. (6.21), i.e.
tan β ≈ 0.75 , mA = 320 GeV , mH± > 370 GeV,
β − α ≈ pi2 or mh > mA −mZ (7.17)
and again for the two scenarios there is a parametric and kinematic suppression of the
process A → Zh thereby increasing the A → V V ′ branching ratios and signal cross
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sections. The maximal allowed values of the pseudoscalar signal cross sections are
σ(pp→ A→W+W−) . 0.5 pb,
σ(pp→ A→ ZZ) . 0.02 pb,
σ(pp→ A→ γγ) . 0.15 pb,
σ(pp→ A→ Zγ) . 0.03 pb. (7.18)
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MSSM heavy Higgs production and
decays at the LHC
In Section 6.3.3 of Chapter 6 we discussed the LHC cross sections σ(pp→ A→ V V ′)
and postponed the discussion of the corresponding cross sections for the heavy scalar
MSSM Higgs boson H. In this chapter we will make good on our promise and analyse
and compute the LHC cross sections σ(pp→ H →W+W−, ZZ) for the heavy MSSM
scalar Higgs boson H.
In the MSSM the tree-level coupling of the heavy Higgs boson H to the electroweak
gauge bosons W and Z is suppressed by the angular factor cos(β − α) which is a
function of tan β and either the mass mA of the pseudoscalar Higgs boson or the mass
mH+ of the charged Higgs boson. At tree-level these two parameters also determine
the mass of the neutral scalar Higgs bosons h and H (cf. Eq. 2.45). This suppression
of the couplings of H to W and Z bosons can be rather strong in large parts of the
MSSM parameter space, especially in the decoupling limit mA  mZ from which
it follows cos(β − α)  1 (cf. Eq. (2.48) and Eq. (2.49)). However, the mass and
couplings of the heavy scalar Higgs boson can receive large corrections at higher orders
[194,195,196,197]. It is therefore of particular interest to study the effects of radiative
corrections in such situations:
In light of this we answer the question, how large the LHC cross sections
σ(pp → H → W+W−, ZZ) can become in the MSSM when higher or-
der corrections to both the production and decay processes are taken into
account.
We follow the same strategy as in Chapter 6 and confront the MSSM parameter space
with constraints from direct Higgs searches complemented with those from several
electroweak precision observables. The public code HiggsBounds-3.5.0beta [156,
155] was used to compare the prediction for the LHC cross sections σ(pp → H →
W+W−, ZZ) with direct Higgs searches (cf. Section 6.2.2).
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The complete MSSM O(α) electroweak corrections to the HZZ vertex and the loop
contributions from fermions and sfermions to the HW+W− vertex were also recently
computed in [198]. In this chapter we perform an independent calculation and include
also the full MSSM O(α) corrections to the HW+W− vertex and discuss thoroughly
the IR divergent contributions and the corresponding real emission diagrams.
On the notation: throughout this chapter Mh,MH and MA stand for the physical
masses of the respective Higgs bosons. A lowercase m always refers to the tree-level
mass.
8.1 Corrections to the HV V ′ vertex
The tree-level HW+W− and HZZ vertices are given in the MSSM by
AµνHWW,LO = AHWW,LOgµν , AµνHZZ,LO = AHZZ,LOgµν , (8.1)
where we have defined the couplings constants
AHWW,LO = emW
sW
cos(β − α), AHZZ,LO = emW
c2W sW
cos(β − α). (8.2)
The one-loop corrected vertices contain additional Lorentz structures. Let (k1, µ) and
(k2, ν) denote the four momenta and Lorentz indices of a pair of electroweak gauge
bosons V V ′, where V V ′ is either W+W− or ZZ. Then the one-loop corrected vertices
exhibit the following tensorial structure
AµνHV V ′,NLO = AµνHV V ′,LO +Agµν + Bkµ1kν1 + Ckµ2kν2 +Dkµ1kν2 + Ekν1kµ2 + Fεµµαβk1αk2β,
(8.3)
where for the moment both electroweak gauge bosons V V ′ are allowed to be off-shell.
The form factors A, . . . ,F are in general complex valued functions of the gauge boson
momenta squared and the loop particle masses. The form factor A is UV-finite after
adding the corresponding counter terms. However, for the final state W+W−, the
form factor A is infrared divergent due to virtual photon exchange. We will discuss
this issue in section 8.1.3. All other form factors are UV- and infrared-finite. If only
one of the gauge bosons is off-shell, then the form factors B and D vanish identically.
If both gauge bosons are on-shell, then only the form factors A, E and F contribute
to the decay vertex. However, the form factor F is only non-zero if the Higgs boson
has a pseudoscalar component, which is the case if there is CP-violation in the Higgs
sector of the MSSM.
To derive the appropriate counter term for the HV V ′ vertex, we employ the following
scheme: We choose to use one renormalisation constant for each each Higgs doublet
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such that
H1 →
(
1 + 12δZH1
)
H1, H2 →
(
1 + 12δZH2
)
H2. (8.4)
This leads to the following substitution for tan β:
tan β →
(
1 + 12 (δZH1 − δZH2)
)
tan β ≡ (1 + δ tan β) tan β. (8.5)
Anticipating the fact that we will need the counter term structure of the hV V ′ vertex
as well, we define counter terms for the mass eigenstates by(
h
H
)
→
(
1 + 12δZhh
1
2δZhH1
2δZhH 1 +
1
2δZHH
)(
h
H
)
. (8.6)
Note that the counter terms δZij are expressions in δZH1 and δZH2 . One finds
δZhh = sin2 α δZH1 + cos2 α δZH2 , (8.7)
δZHH = cos2 α δZH1 + sin2 α δZH2 . (8.8)
Furthermore we substitute
W±µ →W±µ + 12δZWW±µ , Zµ → Zµ + 12δZZZZµ + 12δZZγAµ,
e→ e+ δe, sW → sW + δsW , m2W → m2W + δm2W ,
m2Z → m2Z + δm2Z . (8.9)
With the help of these substitutions we arrive at the following expressions for the
counter term vertices:
AµνHWW,CT = AµνHWW,LO
(
δZW +
1
2δZHH +
sin(β − α)
2 cos(β − α)δZhH + δZe +
δm2W
2m2W
− δsW
sW
− sin(β − α)cos(β − α) sin β cosβδ tan β
)
,
AµνHZZ,CT = AµνHZZ,LO
(
δZZ +
1
2δZHH +
sin(β − α)
2 cos(β − α)δZhH + δZe +
δm2Z
2m2Z
+s
2
W − c2W
sW c2W
δsW − sin(β − α)cos(β − α) sin β cosβδ tan β
)
. (8.10)
For the definition of the Higgs field renormalisation constants we employ the DR
scheme [199]. In this scheme the Higgs field renormalisation constants are given by
(the prime denotes differentiation with respect to the external momentum squared)
δZhh = − [Re Σ′(m2h)]div,
δZHH = − [Re Σ′(m2H)]div,
δZhH =
sinα cosα
cos 2α (δZhh − δZHH) . (8.11)
(8.12)
103
8 MSSM heavy Higgs production and decays at the LHC
Note that the masses appearing in the definition of the renormalisation constants
are the tree-level masses and not the loop-corrected or physical masses. With these
definitions the renormalisation constant δ tan β is fixed and reads
δ tan β = 12 cos 2α (δZhh − δZHH) . (8.13)
In this scheme there is a manifest dependence on the renormalisation scale µDR. As
default value of the renormalisation scale we set µDR = mt. The remaining renormal-
isation constants are defined in the on-shell scheme [200] and read
δZe =
1
2Σ
′
γγ(0)−
sW
cW
ΣTγZ(0)
m2Z
,
δZW = − Re Σ′TW (m2W ),
δm2W = Re ΣTW (m2W ),
δZZ = − Re Σ′TZ (m2Z),
δm2Z = Re ΣTZ(m2Z),
δsW =
c2W
2sW
(
δm2Z
m2Z
− δm
2
W
m2W
)
, (8.14)
where the subscript T stands for the transverse part of the respective self-energies.
The counter term vertices for the hW+W− and hZZ vertices are obtained in a similar
fashion, they read
AµνhWW,CT = AµνhWW,LO
(
δZW +
1
2δZhh +
cos(β − α)
2 sin(β − α)δZhH + δZe +
δm2W
2m2W
−δsW
sW
+ cos(β − α)sin(β − α) sin β cosβδ tan β
)
,
AµνhZZ,CT = AµνhZZ,LO
(
δZZ +
1
2δZhh +
cos(β − α)
2 sin(β − α)δZhH + δZe +
δm2Z
2m2Z
+ s
2
W − c2W
sW c2W
δsW +
cos(β − α)
sin(β − α) sin β cosβδ tan β
)
, (8.15)
where the coupling constants are obtained from those in Eq. (8.2) by replacing cos(β−
α) with sin(β − α).
8.1.1 Note on δZe
In Eq. (8.14) we defined the electric charge renormalisation constant through the
relation
δZe =
1
2Σ
′
γγ(0)−
sW
cW
ΣTγZ(0)
m2Z
. (8.16)
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This equation is obtained by requiring that the electric charge equals the full e+e−γ
vertex in the limit of vanishing photon momentum; the so-called Thompson limit.
By doing so we can identify the renormalised charge with the physical charge e(0) =√
4piα(0) where α(0) is the fine structure constant defined in the Thompson limit. For
small fermion masses mf however, the fermionic contributions to Σ′γγ(0) become large
because they involve contributions proportional to log(m2Z/m2f ). This logarithm stems
from the running of the electromagnetic coupling at q2 = 0, where the low scale is set
by the light fermion masses mf , to the electroweak scale which is typically evaluated
at q2 = m2Z . In our calculation we wish to parameterise the results in terms of α(m2Z)
with
α(m2Z) =
α(0)
1−∆α, (8.17)
where ∆α is given by
∆α = Σ′light fermionsγγ (0)−
1
m2Z
Re Σlight fermionsγγ (m2Z). (8.18)
We are thus effectively absorbing the finite corrections ∆α into the coupling constant
e. The charge renormalisation then becomes
e(0)(1 + δZe) = e(0)(1 +
1
2∆α−
1
2∆α)(1 + δZe),
= e(m2Z)(1 + δZ
e(m2Z)
e ), (8.19)
with
δZ
e(m2Z)
e = δZ(0)e −
1
2∆α (8.20)
and ∆α given by Eq. (8.18). In conclusion, we have to substitute δZe in Eq. (8.14)
with
δZe → δZe − 12∆α. (8.21)
8.1.2 The effective amplitude
Higgs propagator corrections can be extremely important numerically, especially in the
non-decoupling regions of the MSSM parameter space. In addition they are needed in
order to ensure the correct on-shell properties of S-matrix elements involving external
Higgs bosons - i.e. unit residue and vanishing mixing between different on-shell Higgs
bosons. These corrections can be included by using finite wave function normalisation
factors. Let
MHV V ′,LO = AµνHV V ′,LOεµεν (8.22)
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denote the leading-order HV V ′ decay amplitude where εµ,ν are the polarization vec-
tors of the electroweak gauge bosons W or Z. Then we can incorporate the Higgs
propagator corrections into an effective amplitude in the following way:
MeffHV V ′,LO ≡
√
ZH
(MHV V ′,LO + ZHhMhV V ′,LO) . (8.23)
We will call these leading-order effective amplitude the improved Born approxima-
tion. These finite wave function renormalisation factors can be determined from the
renormalised self-energies of the Higgs bosons through
ZH =
[
1 + Re ∂
∂p2
ΣˆHH(p2)− Re ∂
∂p2
Σˆ2Hh(p2)
p2 −m2h + Σˆhh(p2)
]−1
p2=M2H
(8.24)
and
ZHh = − ΣˆHh(M
2
H)
M2H −m2h + Σˆhh(M2H)
, (8.25)
where the above expressions are evaluated at the physical massesMi. These finite wave
function renormalisation factors were calculated with FeynHiggs 2.7.4. [114]. The
program FeynHiggs calculates these wave function renormalisation factors including
the leading two-loop corrections. These finite wave function renormalisation factors
can also be applied at the one-loop level; the leading-order amplitudesMHV V ′,NLO and
MhV V ′,NLO then need to be replaced by the corresponding loop-corrected amplitudes,
cf. Eq. (8.3) and the corresponding counter term vertices Eq. (8.10) and (8.15).
The inclusion of the Higgs propagator corrections in the loop-corrected amplitudes
presents some difficulties when dealing with the infrared divergences for the W+W−
final state. We will discuss this issue in the next section.
8.1.3 Infrared divergences
The virtual corrections to the process H → W+W− involve the exchange of virtual
photons which lead to infrared divergences for vanishing photon momentum. The
cancellation of these infrared or soft singularities is ensured by the Bloch-Nordsieck
theorem [201] which states that transition probabilities are finite when summed over all
degenerate final states. This is true order by order in perturbation theory. In practice
this means that one has to include contributions involving real radiation of photons in
order to obtain observables that are free of infrared divergences. Experimentally we
may justify this by noting that a particle detector has a minimal energy resolution ∆E.
Therefore the only processes that can be detected are those where, in addition to a
definite number of charged particles, an arbitrary number of soft photons with energies
less than ∆E are produced. Concerning the method of calculation this usually means
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that we split up the phase-space into two regions; the soft and the hard part, where
in the soft part we regulate the infrared poles with a small photon mass λ and the
photon energy runs from 0 to ∆E. The matrix elements of the real radiation process
are then calculated in the eikonal approximation; i.e. kphotonµ → 0. The hard part of the
phase space, i.e. where the photon energy ranges from ∆E to Emax, is then integrated
numerically. This is the method of phase space slicing. Alternatively one can integrate
the real radiation process analytically, the details of the calculation are presented in
Appendix D. If we consider, for the moment, the process HSM →W+W−γ in the SM,
the full three-body decay width Γ3
(
HSM →W+W−γ
)
, including the infrared cut-off
reads
Γ3 = ΓBorn
α
pi
[
−
{
1 + β20
β0
log 1 + β01− β0 − 2
}
log ε
β0
+ 2 (2− log[2]) + 1 + β
2
0
β0
[
Li2
2β0
β0 − 1
− Li2 2β0
β0 + 1
+ Li2
1 + β0
2 − Li2
1− β0
2 +
1
2 log[1− β
2
0 ] log
1 + β0
1− β0
]]
+ mHα16s2W
(
1− β20
) α
pi
((
β40 + β20 − β60 − 1
)
log 1 + β01− β0 + 2β
5
0 + 2β0 −
4
3β
3
0
)
, (8.26)
with
β0 =
√√√√1− 4m2W
m2HSM
(8.27)
and where the function F1(β0) is given by
F1(β0) =
1 + β20
β0
log 1 + β01− β0 − 2. (8.28)
Finally, ΓBorn denotes the leading-order Γ(HSM →W+W−) decay width
ΓBorn =
αmHSM
16s2W
β0
1− β20
(
3β40 − 2β20 + 3
)
. (8.29)
The three-body decay width (8.26) is infrared divergent in the limit ε → 0. The
infrared cut-off ε is a dimensionless function of the photon regulator mass λ. It is
given in Appendix D. Equation (8.26) must be added to the virtual contributions of
the one-loop corrected decay width Γ(HSM → W+W−) to obtain an infrared finite
result. Naively one might translate this result directly into the MSSM to obtain an
infrared finite decay width Γ(H → W+W−). There is however a subtlety, as we will
explain now.
In the MSSM (at leading-order) the HW+W− vertex is related to the HSMW+W−
vertex by the angular factor cos(β−α), cf. Eq. (8.2). This angular factor also appears
in the three-body decay width, cf. Eq.(8.26). However, an inspection of the infrared
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Figure 8.1: Infrared divergent diagrams contributing to the corrections to the H →W+W−
partial width. Figure 8.1a shows the infrared divergent loop corrections to the HW+W−
vertex, Figure 8.1b depicts the infrared divergent contributions to the HW+W− counter term.
Figure 8.1c shows the real corrections to the HW+W− vertex containing a charged Goldstone
boson G+. The real emission diagrams containing the W intermediate state are not shown.
divergent loop diagrams, see Figure 8.1a, shows that these diagrams do not have the
angular factor cos(β − α) in common. The origin of this lies in the Higgs-charged
Goldstone coupling. For the light and heavy scalar MSSM Higgs bosons they are
given by
hG+G− : ie cos 2βmW sin(α+ β)2c2W sW
, HG+G− : − ie cos 2βmW cos(α+ β)2c2W sW
(8.30)
and we see that they do not contain the angular factors sin(β − α) and cos(β − α).
Fortunately we can make use of the following MSSM tree-level identities to rewrite the
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Higgs-charged Goldstone couplings
cos(β − α)m2h =
cos 2β cos(β + α)m2W
c2W
, (8.31)
sin(β − α)m2H = −
cos 2β sin(β + α)m2W
c2W
, (8.32)
where the masses mh,H refer to the tree-level masses. With this substitution the
couplings (8.30) become
hG+G− : − ie sin(β − α)m
2
h
2mW sW
, HG+G− : − ie cos(β − α)m
2
H
2mW sW
. (8.33)
The angular factors appear and the analytic cancellation is ensured. If we include
higher-order corrections, and use the physical Higgs masses Mh,H we can no longer
expect the identities (8.31) and (8.32) to hold.
Incorporating the Higgs propagator-type corrections both at lowest-order and next-
to-leading order, as explained in the previous section, leads to a modification of the
HW+W− vertex. Once the Higgs propagator corrections have been applied, the lead-
ing order SM and MSSM decay amplitudes are related through the following equation
(cf. (8.23)):
MeffHWW,LO =
√
ZH (cos(β − α) + sin(β − α)ZHH)MHSMWW,LO
≡ FMSSMMHSMWW,LO. (8.34)
When propagator-type corrections are applied to the loop and real radiation diagrams,
the infrared divergent loop-level diagrams (shown in Figure 8.1) are also modified. The
real radiation diagrams (Figure 8.1c) and counter term diagrams (involving renormal-
isation constants with infrared divergent contributions, as shown in Figure 8.1b) are
modified by the factor FMSSM , as are the final 5 diagrams of Figure 8.1a. The first
diagram of Figure 8.1a, however, involves the Higgs-charged Goldstone coupling; the
SM and MSSM couplings are related by1:
MHGG = 1
mH2SM
(
cos(β − α)m2H
√
ZH + sin(β − α)m2h
√
ZHZHh
)
MHSMGG, (8.35)
– i.e.MHGG 6= FMSSMMHSMGG. Since m2h 6= m2H 6= m2HSM , the diagrams involving the
coupling between a neutral Higgs and a pair of charged Goldstone bosons in the SM
and MSSM are not related by the same factor as the other infrared divergent diagrams
(or the real emission diagrams), and the infrared divergences therefore do not cancel
1Note that the mixing angle α used here is the tree-level value, rather than the so-called ‘effective’
α often used to account for Higgs mixing.
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between the real and virtual contributions when Higgs propagator type corrections are
applied at loop-level as well as at tree-level.
By keeping the corrections strictly at the one-loop level, this problem can be avoided,
resulting in an infrared finite result, just as in the SM. In this approach, an improved
Born approximation is used for the ‘leading order’ form factor ALO only. The infrared
finite loop-corrected decay width is then (symbolically) given by
ΓH→W+W− ∼ |MeffLO,HWW |2 + 2 Re
[
M∗LO,HWWMNLO,HWW
]
+ δreal|MLO,HWW |2,
(8.36)
whereMLO,HWW is the leading-order amplitude in the improved Born approximation,
cf. Eq. (8.23),MNLO,HWW is the loop-corrected amplitude and δreal|MLO,HWW |2 is the
correction to the decay width resulting from the real radiation. While this approach
does avoid the problem with infrared divergences, it has a drawback because it misses
the potentially large corrections arising from Higgs mixing at the loop level. Several
alternative approaches have been investigated, to allow the Higgs propagator type
corrections to be included at loop-level as well as at leading-order while preserving
an infrared finite result. Strictly speaking, the infrared divergences are a higher-order
effect – they occur only because we are mixing orders by applying the Z-factors at the
one-loop level. They can therefore be calculated analytically and subtracted ‘by hand’.
A second option is to treat the Higgs-charged Goldstone couplings strictly at the one-
loop level – i.e. we do not apply the Z-factors to the corresponding loop diagrams
and we subtract the infrared divergent parts separately. However, we choose to use an
altered Higgs-charged Goldstone coupling – i.e. we used
MeffHGG = −
ieM2H
2MW sin θW
(√
ZH cos(β − α) +
√
ZHZHh sin(β − α)
)
= FMSSMMHSMGG, (8.37)
where MH is the physical mass of the the heavy scalar Higgs boson H. With this
corrected coupling, the factor between the SM and MSSM diagram containing the
Higgs-G+G− coupling becomes equivalent to the factor between all other infrared
divergent SM and MSSM diagrams, thus ensuring that the loop-corrected decay width
is infrared finite. The advantage of this method is that we can calculate the ratio of
the one-loop corrected decay widths2:
ΓMSSM
ΓSM
= Γ(H →W
+W−)MSSMLO (1 + δMSSM)
Γ(HSM →W+W−)SMLO(1 + δSM)
(8.38)
= |AMSSM,LO|
2
|ASM,LO|2 ·
1 + 2Re [A
∗
MSSM,LO∆AγMSSM]
|AMSSM,LO|2 + δ
virt
MSSM + δreal
1 + 2Re
[
A∗SM,LO∆AγSM
]
|ASM,LO|2 + δ
virt
SM + δreal
, (8.39)
2Note that we calculate the ratio for equal Higgs masses mHSM = MH .
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where ∆Aγ is the absolute correction to the form factor A (cf. Eq. (8.3)) from the
virtual diagrams involving a photon and δvirtX , X = SM,MSSM symbolises all the
relative one-loop corrections from other virtual diagrams. Using the relations between
the SM and MSSM form factors, we can see that, when the effective HG+G− coupling
is used:
AMSSM,LO = FMSSMASM,LO,
∆AγMSSM = FMSSM∆AγSM,
2 Re
[
A∗MSSM,LO∆γMSSM
]
|AMSSM,LO|2 =
2 Re
[
A∗SM,LO∆γSM
]
|ASM,LO|2 ≡ δ
γ . (8.40)
Expanding, the ratio becomes
ΓMSSM
ΓSM
= |AMSSM,LO|
2
|ASM,LO|2
(
1 + δγ + δvirtMSSM + δreal − δγ − δvirtSM − δreal
)
= |AMSSM,LO|
2
|ASM,LO|2
(
1 + δvirtMSSM − δvirtSM
)
. (8.41)
We see that the infrared divergences nicely drop out when we take the ratio of am-
plitudes. By dividing out the ratio |AMSSM,LO|2/|ASM,LO|2 in Eq.(8.41), we obtain the
K-factor for the processes H → V V ′
KV V ′ = 1 + δvirtMSSM(H → V V ′)− δvirtSM (H → V V ′). (8.42)
8.2 Constraining the parameter space
We will analyse the cross sections σ(pp → H → W+W−, ZZ) for the heavy scalar
H in the pMSSM (cf. Section A.1.1) and we wish to determine a scenario in which
they become maximal. Assuming that all soft SUSY-breaking parameters are flavour
diagonal, and assuming a common soft mass for the sleptons and sneutrinos and a
common soft mass for the squarks of the first two generations, we can reduce the
pMSSM parameter space to the following subset:
• tan β, µ and MA,
• the gaugino masses M1, M2 and M3,
• the top squark trilinear coupling At,
• a universal soft mass ml˜ for sleptons and sneutrinos,
• a common soft mass mq˜ for all squarks except for the right-handed top squark
mass mt˜R ,
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• the mass mt˜1 of the light top squark. The right-handed top squark mass mt˜R is
then tuned accordingly.
In the next section we will list the several electroweak precision observables we used
to constrain the 10-dimensional parameter space.
8.2.1 Electroweak precision observables
The MSSM contributions to electroweak precision observables are nowadays known to
a precision to match the predictions from the SM. The electroweak observables used
in this analysis include:
1. The MSSM contributions ∆aµ to the anomalous magnetic moment aµ = (g −
2)µ/2 of the muon are compared with the discrepancy between the SM prediction
and the experimental value. We require
2× 10−10 ≤ ∆aµ ≤ 36× 10−10. (8.43)
2. The MSSM contributions ∆ρ to the ρ parameter are restricted to
− 0.0007 ≤ ∆ρ ≤ 0.0033. (8.44)
3. After including MSSM corrections, the effective leptonic mixing angle θeffl is
required to satisfy
0.2280 ≤ sin2 θeffl ≤ 0.2352. (8.45)
4. With MSSM corrections included, the W mass mW is required to satisfy
80.358 GeV ≤ mW ≤ 80.482 GeV. (8.46)
5. For the branching ratio BR(b → sγ) we only impose very conservative limits.
The reason for this cautious approach is that a recent global analysis of several
flavour observables revealed a tension of almost 3σ between the SM best-fit
scenario and the experimental data [202]. As was shown in [202], this tension
cannot be relaxed in a MSSM model with minimal flavour violation. To explain
it, new sources of flavour violation are required within the MSSM. This additional
flavour structure will not have a significant impact on Higgs production and decay
rates, but it will have an effect on BR(b→ sγ). Since the model we consider in
this paper can not explain the observed tensions in flavour physics, it would be
inconsistent to expect that one single flavour observable is reproduced correctly.
Thus, we conservatively require
2.5× 10−4 ≤ BR(b→ sγ) ≤ 5.5× 10−4. (8.47)
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The MSSM corrections to the low-energy observables are all calculated with the public
code FeynHiggs. For ∆aµ the range was extended by the error of the SM prediction
for aµ.
8.2.2 SUSY particle mass bounds
With the LHC running at 7 TeV the first important results have started to come in.
Among the most important results for this work are the recent bounds on squark and
gluino masses. We will list the most recent ones.
• The analysis [181] is based on the decays q˜ → qχ˜0 and g˜ → qqχ˜0 in a simplified
MSSM model containing only squarks of the first two generations, a gluino octet
and a massless neutralino. The neutralino χ˜0 is assumed to be weakly interacting
and consequently escapes the detector unseen. The squarks are assumed to be
degenerate. The results presented in [181] exclude gluino masses below 725 GeV
and squark masses below approximately 750 GeV. For equal squark and gluino
masses the lower bound is raised to approximately 1 TeV. Instead we impose a
lower limit of 800 GeV on the squark and gluino masses.
• We have already commented on the light top squark mass in Section A.1.1, we
treat the light top squark mass as a free parameter. Lower bounds on the slepton,
chargino and neutralino masses are taken from [84]:
1. mt˜1 > 100 GeV,
2. all slepton masses are larger than 100 GeV,
3. all chargino masses must be larger than 100 GeV.
8.3 Results
Let us now discuss the results of the parameter scans. As a first step we define the
ratio RV V :
RV V ′ =
σ(gg → H) ·BR(H → V V ′)MSSM
σ(gg → HSM) ·BR(HSM → V V ′) . (8.48)
The MSSM heavy Higgs boson production cross section was calculated in the effective
coupling approximation, cf. Section6.3. At leading order the ratio RV V ′ for both final
states W+W− and ZZ is essentially proportional to the MSSM coupling squared, i.e.
RV V ′ ∼
∣∣∣√ZH (cos(β − α) + sin(β − α)ZHH)∣∣∣2 . (8.49)
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Figure 8.2: Scatter plots of RV V ′ (Eq. (8.48)) versus the heavy scalar Higgs mass MH and
the parameters At, mt˜1 and tan β.
In Figure 8.2 we show scatter plots of RV V ′ at leading order versus the parameters
MH , At, tan β and mt˜1 . Although the full parameter space is 10-dimensional, these 4
parameters are the most significant. Of course the remaining 6 parameters must be
chosen in accordance with the constraints discussed previously. We see that the values
of RV V ′ can be as large as 0.5 and that values as large as 0.2 are possible without
much fine-tuning. Figure 8.2a shows RV V ′ versus the heavy scalar Higgs mass MH .
For MH . 160 GeV the value of RV V ′ always lies below 0.1. Large values of RV V ′
are reached for MH between 160 and 240 GeV. For MH > 240 GeV the typical
size of RV V ′ drops back below 0.1. This is because for MH > 240 GeV the decay
channel H → t˜1t˜1 becomes kinematically accessible thereby reducing the branching
ratio BR(H → V V ′). However, fine-tuned parameter sets with RV V ′ of the order of
0.5 still exist.
Figure 8.2d shows that large values of RV V ′ are only possible if |At| is large. This is
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consistent with the fact that an important contribution to the MSSM Higgs propagator
comes from top and top squark loops. The Ht˜1t˜1 coupling has a term proportional to
At, which leads to a |At|4 dependence in the ratio of partial widths. If the top squarks
are heavy, the contribution from the top squark loop is suppressed. The largest values
of RV V ′ are therefore achieved for small mt˜1 , as can be seen in Figure 8.2c. For
mt˜1 > 200 GeV the value of RV V ′ does not exceed 0.3. The dependence of RV V ′ on
tan β, which is shown in Figure 8.2b, is due to the Higgs production mechanism. At
the LHC the Higgs boson is mainly produced via gluon fusion, mediated by a top or
top squark loop. The coupling of the MSSM Higgs boson H to tops and top squarks
is proportional to 1/ sin β and therefore increases for small tan β.
We have seen that ratios of RV V ′ ≈ 0.5 are possible. In the following we will discuss
the pMMSM parameter dependence of a representative point for such a value of RV V ′
in detail. As a benchmark scenario, we will discuss the following parameters
ml˜ = 300 GeV,mq˜ = 1600 GeV, At = 1800 GeV
MH = 228 GeV,mt˜1 = 130 GeV, µ = −1600 GeV
mg˜ = 1 TeV, tan β = 7,M1 = −200 GeV,M2 = −100 GeV. (8.50)
The maximum values of the cross sections σ(pp→ H →W+W−, ZZ) in this scenario
are
σ(pp→ H →W+W−) = 1.5 pb, σ(pp→ H → ZZ) = 0.6 pb. (8.51)
The cross sections do not depend equally strong on all the parameters in this scenario.
Varying the gluino mass parameter M3 does not effect the cross sections in the MSSM
noticeably. However, the gluino mass must satisfy the current mass bounds [203,204,
205].
The gaugino masses M1 and M2, in combination with the Higgs-Higgsino mass param-
eter µ determine the masses and couplings in the chargino and neutralino sector. The
effects of the gaugino masses M1 and M2 on the cross sections are negligible for both
final states. However, the relative signs and magnitudes of M1,M2, µ and the slepton
mass scale ml˜ are strongly constrained by the bounds on the MSSM contribution ∆aµ
to the muon anomalous magnetic moment. It is possible to choose M1,M2 and µ
positive simultaneously, however, for this choice of signs, the effective gg → H and
bb¯→ H couplings are reduced and thus the cross sections also. The production cross
section for H as well as the cross sections do not depend strongly on larger values of
ml˜. The value of ml˜ in the maximal scenario is a lower bound; smaller values of ml˜
in combination with the values and signs of M1,M2 and µ as in the maximal scenario
violate the lower bound on ∆aµ. Choosing M2 negative only is possible, but again the
effective gg → H and bb¯→ H couplings are reduced. Furthermore, M2 and µ must be
chosen in such a way that they satisfy the lower bound on the chargino mass.
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An interesting effect is observed by varying the mass MA of the pseudoscalar Higgs
boson over the allowed parameter range. In the maximal scenario the pseudoscalar
Higgs mass cannot be lighter than MA & 227 GeV to avoid the mass bounds on the
lightest Higgs boson h. However, for pseudoscalar Higgs masses aroundMA & 270 GeV
the mass of the heavy neutral Higgs boson MH reaches the light-top squark threshold,
and the decayH → t˜1t˜1 becomes kinematically possible, thereby increasing the totalH
decay width, and decreasing the branching ratios for the W+W− and ZZ final states.
We have seen a similar behaviour in Figure 8.2a as well. Therefore the total production
cross section and the cross sections as a function of MA show a sharp decrease for
pseudoscalar Higgs masses greater than 270 GeV. This is shown in Figure 8.3. For
Figure 8.3: The total production cross
section σH in black as well as the cross sec-
tions for decays into W+W− (red) and ZZ
(blue) for
√
s = 7 TeV as a function of the
heavy Higgs boson mass MH . The solid
lines are the values in the improved Born
approximation, whereas the dashed lines in-
clude the one-loop vertex corrections. All
other parameters are such as in the maxi-
mal scenario (8.3).
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masses MA below this threshold value, the mass of H decreases and therefore the SM
production cross section increases. Since we scale the SM production cross section with
the gluon- and bb¯-fusion effective couplings, this leads to an increase in the production
cross section of H.
The cross sections are most sensitive to tan β, µ,At,mq˜ and mt˜1 . Large values of
tan β lead to an enhancement of the effective coupling for gg → H. Furthermore,
since the Hbb¯ coupling is proportional to 1/ cosβ, the bb¯ → H effective coupling is
enhanced as well. However, increasing the value of tan β leads to a strong decrease in
the respective branching ratios, thereby compensating the cross section enhancements.
Smaller values of tan β, however, increase the branching ratios BR(H → WW,ZZ)
and thus increase the cross sections. However, small values of tan β push the mass
Mh of the light Higgs boson h below the LEP exclusion limit. Regarding the allowed
values of tan β in this scenario we note the following: the branching ratio BR(Bs →
µ+µ−) is sensitive to SUSY contributions and can be used to constrain the value of
tan β. However, since in the MSSM the branching ratio grows with (tan β)6 [206], the
bounds on BR(Bs → µ+µ−) become important only for large values of tan β. For the
value tan β = 7 in the maximal scenario we do not run into conflict with this bound.
These bounds on tan β are not absolute, larger values of tan β, with different pMSSM
parameters, are of course still allowed, cf. Figure 8.2.
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For the Higgs-higgsino mass parameter µ the relevant bound is the branching ratio
BR(b → sγ). We find that large negative values are favoured to satisfy the upper
limit quoted in Section 8.2. Small negative values are disfavoured since they violate
the lower bound on BR(b→ sγ). The total cross section for H and the cross sections
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Figure 8.4: The total production cross section σH in black as well as the cross sections for
decays into W+W− (red) and ZZ (blue). The solid lines are the values in the improved Born
approximation, whereas the dashed lines include the one-loop vertex corrections. All other
parameters are such as in the maximal scenario (8.3).
times branching ratio for the W+W− and ZZ final states are shown in Figure 8.4 as a
function of the allowed values for tan β and µ. The dashed lines depict the improved
Born values, the solid lines show the cross sections including the one-loop vertex
corrections. The black curves show the total cross section for H. From Figure 8.4 we
see clearly that the cross section can be of the order of 7 pb (2 pb) for the W+W−(ZZ)
final states, but decrease strongly for larger values of tan β and µ. The cross sections
times branching ratios decrease by almost an order of magnitude over the allowed
parameter range of tan β and µ. Including the one-loop vertex corrections decreases
the cross sections times branching ratios over the allowed parameter ranges of tan β
and µ. This is a generic feature for all the scanning parameters. The total production
cross sections show a somewhat different behaviour as functions of the parameters tan β
and µ. Large values of tan β increase the gg → H and bb¯ → H effective couplings
whereas for µ, the enhancement of the gg → H effective coupling is achieved for large
negative values of µ. Large positive values of the top squark trilinear coupling are
favoured to increase the cross sections σ(pp→ H →WW,ZZ) since they increase the
gg → H effective couplings, the strongest bounds come from the LEP data, and in
the maximal scenario we find At . 1800 GeV. Varying the mass of the lightest top
squark, we find that the cross sections decrease strongly for larger top squark masses
since the effective gg → H coupling is reduced. The value found in the benchmark
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scenario mt˜1 = 130 GeV is the lower bound found in our analysis. Lower top squark
masses again drop the light Higgs boson mass Mh below the LEP bounds. Finally,
the effective gg → H coupling is enhanced for smaller values of the soft squark mass
mq˜. However, in the maximal scenario the most important bounds on mq˜ are placed
by the LEP bounds on the mass of the light Higgs boson h.
The SUSY one-loop vertex corrections to the Γ(H → W+W−/ZZ) tree-level decay
widths are mediated by sfermions, charginos, neutralinos and Higgs bosons. The dom-
inant contributions to the one-loop vertex corrections come from diagrams containing
fermions and sfermions and in particular the diagrams containing top and top squark
loops. To illustrate the contributions to the vertex corrections from the various sectors,
the left panel of Figure 8.5 shows the KWW -factor (cf. (8.42)) for the W+W− final
state. Figure 8.5 shows the contributions to KWW from the various SUSY particles as
a function of |At| (left panel) and as a function of MH (right panel). The colour cod-
ing is explained in the text. We see from the left figure that the chargino/neutralino
contributions are negligible over the allowed range of At. The fermion/sfermion con-
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Figure 8.5: The K-factor as defined in Eq. (8.42) for the W+W− final state as a func-
tion of the trilinear coupling |At| in the left panel and as a function of the mass MA of
the pseudoscalar Higgs boson in the right panel. The coloured lines show the contributions
from the: (blue) fermion/sfermion sector, (red) Higgs/Goldstone/gauge boson sector, (green)
chargino/neutralino sector, (black) full contribution.
tributions make up the bulk of the corrections and we observe that at the benchmark
value At = 1800 GeV these corrections are negative and are of the order of 20%. Even
larger negative corrections to the tree-level decay width Γ(H →W+W−) are possible
for smaller values of At, however the tree-level cross sections decrease strongly and are
of the order of 10−2 pb for At = 1000 GeV. The Higgs, Goldstone and gauge boson
contributions are positive and of the order of a few percent at the benchmark value
of At and do not vary significantly over the allowed range of the trilinear coupling
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At. The same behaviour is observed for the ZZ final state as well. The dependence
of K(H → W+W−) on the other parameters from the top squark sector is not as
pronounced as the dependence on At.
We finish by studying the dependence of the K-factor on the pseudoscalar Higgs
mass MA. The contributions to the factor KWW as a function of MA is shown in
Figure 8.5b. Again we observe that the contributions from the chargino/neutralino
and the Higgs/Goldstone/gauge boson sectors are small over the allowed mass range of
MA. The fermion and sfermion contributions dominate and drop off sharply for larger
charged Higgs masses. The K-factor for the ZZ final state shows the same behaviour
as KWW and is not discussed here.
We have seen that in the scenario defined by Eq.(8.3) the corrections to the leading
order decay width are negative for all allowed values of the scanning parameters, cf.
Figure 8.5. For the W+W− and ZZ final states the corrections can reach up to 20%
over the allowed parameter range. In Figure 8.6 we show the allowed values of the
KV V ′-factor (quantifying the vertex corrections) vs. the ratio RV V ′ . We observe that
for large values of RV V ′ ≈ 0.5, the KV V ′ factors lie between 0.7 and 0.9.
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Figure 8.6: Tree level cross sections vs. the one-loop vertex corrections to the tree-level cross
sections. The factors KV V are defined in Eq. (8.42).
We conclude this discussion by making a few comments on the MSSM with complex
parameters (cMSSM). Up until now we have treated all the MSSM parameters as real,
although many of these parameters could carry complex phases. It is well known that
if the top and bottom squark trilinear couplings At and Ab carry complex phases, the
tree-level CP-invariance of the MSSM Higgs potential is broken due to loop contribu-
tions that involve these trilinear couplings to the Higgs states [33]. The gaugino masses
and the mass parameter µ can be complex as well and in principle also contribute,
however these effects are small compared to the loop effects involving the top and bot-
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tom squarks. If these trilinear couplings carry complex phases, then a non-zero phase
ξ is induced which leads to mixing of the CP-even and CP-odd mass eigenstates. Note
that the phase ξ is the relative phase between the MSSM Higgs fields, cf. Eq. (2.30),
and does not refer to the (common) phase of the MSSM parameters. Due to the
mixing of the neutral Higgs bosons, all three neutral scalar states now have couplings
to the electroweak gauge bosons W and Z. In principle the trilinear couplings and
the gaugino masses could all have different phases, but these phases are severely con-
strained by EDM data [207, 208, 209, 210] and in practice it is common to choose a
common phase ϕ for the gaugino masses, the top and bottom trilinear couplings and
the Higgsino mass parameter µ. To demonstrate the effects of CP-violating phases we
choose the following set-up; the phases of the gaugino masses, the trilinear top squark
coupling At and µ are all set to a common phase, i.e.
ArgM1 = ArgM2 = ArgM3 = ArgAt = Argµ ≡ ϕ. (8.52)
The absolute values and relative signs of these parameters are chosen in such a way
that we recover the parameters (8.3) for ϕ = 0. The physical states are now labeled
by hi, the lightest being h1. Due to the mixing, the physical Higgs state h3 now
also couples to W and Z at tree-level. Figure 8.7 shows the total production cross
section σh2,3 and the cross sections σ(pp → h2,3 → W+W−, ZZ) as a function of the
phase ϕ. The dotted lines include the vertex corrections. Although the pseudoscalar
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Figure 8.7: The total production cross section σhi in black as well as the cross sections
for decays into W+W− (red) and ZZ (blue). The solid lines are the values in the improved
Born approximation, whereas the dashed lines include the one-loop vertex corrections. All
other parameters are as in the maximal scenario (8.3). The cross sections are all computed for√
s = 7 TeV.
components of the physical Higgs bosons h2,3 contribute to the form factor F (8.3),
the vertex corrections do not include the interference terms since the anti-symmetric
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epsilon tensor is contracted with symmetric tensors, cf. Eq. (8.3). We see clearly from
Figure 8.7 that the h2 cross sections are reduced. The h3 cross sections are two orders
of magnitude smaller than those of h2.
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Summary and conclusions
In this thesis we have studied several extensions of the SM and their implications
on the strength and structure of the tbW vertex, on the production and decays of
pseudoscalar and heavy Higgs scalars at the LHC, and the effects that models with
a fourth generation have on electroweak precision observables. Apart from the SM
with a fourth generation of chiral fermions, the extensions we studied all feature an
extended electroweak symmetry breaking (EWSB) sector. In the case of the type-II
2HDM and the MSSM the extended EWSB sector consists of elementary Higgs fields.
In the case of Topcolor assisted Technicolor (TC2), which is a model of dynamical
EWSB, the Higgs fields are composite.
Models with a fourth generation
In Part II we studied the possible size of the corrections to electroweak precision
observables (EWPOs) that arise in two models with a fourth generation of chiral
fermions, the SM4 and an extension of the type-II 2HDM with a fourth generation
(2HDM4). Direct Higgs boson searches strongly constrain the SM4 parameter space,
however, if the SM Higgs boson decays invisibly to fourth generation neutrinos, there
are scenarios possible where a light Higgs boson with a mass of ordermHSM4 ∼ 125 GeV
is not ruled out by direct Higgs searches. We find that the EWPOs in the SM4
are sensitive to the mixing angles θ14 and θ24 and that the constraints imposed by
Γhad and mW are as strong as those obtained from flavour physics. Although small
mixing angles θ14, θ24 and θ34 are favoured to bring both the SM4 and 2HDM4 into
accordance with the EWPOs we find that there are still scenarios possible in the
SM4 and 2HDM4 where the two most constraining observables Γhad and mW can be
brought simultaneously into 1σ accordance with the experimental values. However, in
the 2HDM4 the contributions to the observable Rb can not be brought into accordance
with the experimental limits, and this clearly disfavours the 2HDM4 with a general
flavour structure in the quark sector.
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Strength and structure of the tbW vertex
In Part III we analysed the strength and structure of the tbW vertex in several SM
extensions, namely, the type-II 2HDM, the MSSM and TC2. The new physics contri-
butions to the tbW vertex can be parameterised model-independently by a form factor
decomposition (cf. Eq. (5.2)) and we calculated the contributions fL,R and gL,R to the
respective form factors. We also calculated the non-standard corrections in these mod-
els to the lowest order top quark decay width. A general feature of the form factors in
these models, is that the absolute values of the imaginary parts of the form factors are
small compared to the absolute values of the real parts. Furthermore the form factors
obey |Re fL| > |Re gR|  |Re fR|, |Re gL|. In the type-II 2HDM the magnitude of
the form factor fL is at most 1%. The magnitude of the form factor gR is in general
an order of magnitude smaller. The corrections δNS to the lowest order width are to
a good approximation given by δNS ≈ 2 Re fL and can reach up to −2% in the type-II
2HDM. In the MSSM the real parts of the form factors Re fL and Re gR again differ
by an order of magnitude. The form factor fL is small and is at the per mill level.
The bulk of the corrections stem from the SUSY QCD contributions, mediated by
gluino and top and bottom squarks. The largest corrections to the left-handed form
factor fL, and subsequently to the non-standard correction δNS , were found in the
TC2. In the TC2 the non-standard correction δNS to the top quark decay width can
reach up to −15% for small values of the top quark condensate fpi. We also compared
the predictions for the anomalous couplings with experimental results. A direct test
of the strength and structure of the tbW vertex is by measuring helicity fractions. We
computed the new physics contributions to the helicity fractions F0 and F−. How-
ever, the current experimental limits on the helicity fractions are not accurate enough
to place constraints on the model parameters of the type-II 2HDM, the MSSM and
the TC2. In models with a fourth chiral generation and in little Higgs models, the
left-handed form factor fL receives a contribution already at tree-level. This can be
tested in single-top production at the LHC, however, the current measurements of the
strength of the the tbW vertex from the single-top cross section are not yet accurate
enough to place stringent constraints.
Heavy pseudoscalar and scalar cross sections
In Part IV we studied the LHC cross sections σ(pp → A → V V ′), where V V ′ =
WW,ZZ, γγ, Zγ, for a pseudoscalar Higgs boson A. We compared these with the cor-
responding cross sections for a heavy scalar H. We scanned over the phenomenologi-
cally and theoretically allowed regions of the respective parameters spaces to determine
the largest possible cross sections.
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In the type-II 2HDM with three generations we found the largest cross sections in
the decoupling limit for tan β ≈ 0.75. We found that the largest cross sections are
those for the final states W+W− and γγ. Their maximum values are of the order
of O(10−1) pb. The corresponding cross sections for the ZZ and Zγ final states are
typically an order of magnitude smaller in the type-II 2HDM. The corresponding cross
sections for the heavy scalar H are of the same order of magnitude as those of A for
the final states γγ and Zγ and are of the order of O(101) pb for the W+W− and ZZ
final states.
We also studied the cross sections σ(pp → A → V V ′) in extensions of the type-
II 2HDM with additional heavy chiral fermions (2HDM4) and in Chapter 7 in an
extension of the type-II 2HDM with additional heavy vector-like quarks. The possi-
ble existence of new heavy fermions would certainly enhance the LHC gluon fusion
production cross sections for the scalar and pseudoscalar Higgs bosons. However, a
careful analysis using HiggsBounds showed that due to the strong enhancement of the
σ(gg → A) production cross section, the cross sections σ(pp → A → τ+τ−) in the
2HDM4 exceed the current exclusion limits for this search channel. We found this to
be the case for all 2HDM4 model parameters in the mass region mA . 2mt. Contrary
to the 2HDM4, the extension of the type-II 2HDM by vector-like quarks is still vi-
able. Due to several suppression mechanisms, the maximum values of the respective
cross sections do not change much compared to those of the type-II 2HDM with three
generations.
In the TC2 the pseudoscalar top-pion Π and top-Higgs Ht are composite states and
we studied the corresponding cross sections. For mHt . 2mt, the top-Higgs decays
predominantly into W+W− and ZZ and it was found that it was not possible to tune
the TC2 parameters such that the LHC exclusion limits can be evaded. The TC2
model is still viable if the mass of the top-Higgs is raised just above the tt¯ threshold.
This then decreases the branching ratio BR
(
Ht →W+W−
)
. In this scenario, the
largest cross sections are obtained if the mass of the top-pion is just below the top-
threshold. The maximally allowed cross sections σ(pp → A → W+W−, γγ) then are
9 pb and 1 pb respectively. The top-pion cross sections for the final states ZZ,Zγ are
an order of magnitude smaller.
In the MSSM we studied the scalar and pseudoscalar cross sections in a parameter
subspace of the MSSM, the phenomenological MSSM (pMSSM). We obtained the
largest pseudoscalar cross sections for large tan β and for mA close to a two-chargino
or a two-neutralino threshold. The resulting cross sections σ(pp → A → V V ′) are
unfortunately at most a few femtobarn. Thus, in this model, the decay channel with
the highest discovery potential for A is very likely A→ τ+τ−.
In large parts of the pMSSM parameter space, the tree-level couplings of the heavy
Higgs boson H to electroweak gauge bosons can be strongly suppressed and it is thus
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important to take into account radiative corrections in such a situation. In Chapter 8
we focused our attention on the LHC heavy scalar production cross sections and its
decays intoW+W− and ZZ exclusively. We calculated the partial decay widths for the
heavy scalar MSSM Higgs boson H decaying into WW and ZZ final states including
the full MSSM O(α) corrections and we improved the precision of the one-loop results
by applying Higgs propagator-type corrections. We scanned over the ratio RV V ′ of
the MSSM and SM cross sections. We found that RV V ′ ratios of up to 0.5 can still be
compatible with current experimental constraints for MH & 160 GeV. A characteristic
set of MSSM parameters for such a value of RV V ′ was discussed in detail. The one-loop
vertex contributions to the decay processes typically lead to corrections between −30%
and −10% for MSSM parameters where RV V ′ is larger than 0.1. The calculation was
set up in such a way that it allowed for the easy extension to the MSSM with complex
parameters (cMSSM). In the cMSSM the CP-even and -odd states mix with each other
and the couplings to massive electroweak gauge boson pairs are modified. However,
the largest production cross sections and signal cross sections are still obtained in the
real MSSM.
In conclusion we have found that non-SUSY models with an extended Higgs sector and
only three generations, namely the type-II 2HDM and the TC2, allow for observable
pseudoscalar cross sections σ(pp→ A→ V V ′) at the LHC, in particular for the final
states W+W− and γγ. In the MSSM, the discovery of the pseudoscalar A through its
decays into electroweak gauge bosons is, however, very unlikely. Scalar cross sections
σ(pp→ H →W+W−) can still be of observable size at the LHC in large parts of the
pMSSM parameter space. SM extensions with an extended EWSB sector and four
chiral generations are strongly disfavoured; direct Higgs boson searches exclude large
parts of the parameter and it is challenging to bring such an extension into accordance
with electroweak precision data. On the other hand, models with additional vector-
like quarks and an extended Higgs sector are still viable. The SM with four chiral
generations is (still) not ruled out by direct Higgs boson searches and can be brought
into accordance with electroweak precision data even for non-zero mixing in the quark
sector.
As investigated in detail, the above SM extensions also affect the strength and structure
of the tbW vertex. The magnitudes of the anomalous couplings in a type-II 2HDM and
in the MSSM are of the order of 1%, but in the TC2 the anomalous coupling fL can
be reduced by as much as 7%. Current experimental limits on single-top production
and on W -boson polarisation are however not yet accurate enough to constrain the
parameters of these SM extensions.
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A
MSSM essentials
In this chapter we will collect some key features of the MSSM. The Higgs sector of
the MSSM is a type-II 2HDM, subject to various restrictions, as has been discussed
in Chapter 2.
A.1 The squark and chargino/neutralino sector
In this section we briefly review the squark and chargino/neutralino sector of the
MSSM.
In the squark sector, the squark mass matrices are given by
Mq˜ =
(
m2L +m2q +m2Z cos 2βI
q
3 −∆Q mqX∗q
mqXq m
2
q˜R +m2q + ∆Q
)
,
(A.1)
where Xq = Aq − µ∗ cotβ for an up-type quark, Xq = Aq − µ∗ tan β for a down-type
quark and ∆Q = m2Z cos 2βs2WQq. The eigenvalues of the squark mixing matrices are
given by
m2q˜1,2 = m2q +
1
2
(
m2L +m2q˜R + I
q
3m
2
Z cos 2β
∓
√(
m2L −m2q˜R +m2Z cos 2β
(
Iq3 − 2Qqs2W
))2
+ 4m2q |Xq|2
)
. (A.2)
The superpartners of the W -boson, the winos and the charged Higgsinos can mix to
form two eigenstates called charginos. The chargino mass matrix is given by
Mchar =
(
M2
√
2 sin βmW√
2 cosβmW µ
)
. (A.3)
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The superpartners of the Z-boson (zino), of the photon (photino) and the neutral
Higgsinos can mix to form four eigenstates called neutralinos. The neutralino mass
matrix given by
Mneu =

M1 0 − cosβsWmZ sin βsWmZ
0 M2 cosβsWmZ − sin βcWmZ
− cosβsWmZ cosβcWmZ 0 −µ
sin βsWmZ − sin βcWmZ −µ 0
 . (A.4)
The matrices that diagonalise the chargino and neutralino mass matrices determine
the strength of the couplings of these particles to SUSY and SM particles.
A.1.1 The pMSSM
The MSSM contains a large number of independent parameters and therefore a lim-
itation of the full MSSM parameter space is of great importance since it facilitates
phenomenological studies and analyses.
The majority of these parameters – the MSSM has more than 120 free parameters –
stem from the SUSY breaking sector in the MSSM and so a possible way to constrain
the parameter space is to invoke a particular breaking scenario and set boundary con-
ditions at the SUSY scale to which the MSSM parameters must comply. As an example
of such a breaking scenario we mention mSUGRA [211,212]. In the mSUGRA scenario
it is assumed that the breaking of SUSY occurs in a hidden sector which communicates
with the visible sector only through gravitational interactions. The boundary condi-
tions at the breaking scale are: gauge coupling unification, universal gaugino masses
m1/2, universal scalar masses m0 and universal trilinear couplings A0. In this sce-
nario the parameter space reduces to a mere 5 parameters tan β,m1/2,m0, A0, sgnµ.
However we choose not to employ a particular SUSY breaking scenario. Instead we
adopt the so-called phenomenological MSSM (pMSSM) [213,214]. In the pMSSM the
following assumptions are made:
• There are no additional sources of CP-violation besides the CKM matrix. With
this choice all phases in the breaking sector are zero.
• Stringent empirical constraints on flavour changing neutral currents limit the
pattern of the sfermion mass matrices. In the pMSSM it is assumed that both
the sfermion mass matrices and the trilinear couplings are diagonal in flavour
space.
• The mass splitting between the first and second generation squarks is strongly
constrained [215, 216]. We may therefore assume that the soft-SUSY breaking
scalar masses are the same for the first and second generations.
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With these assumptions the MSSM parameter space reduces to the following set of
parameters
1. tan β and mA
2. µ: the Higgsino mass parameter
3. M1,M2 and M3: the gaugino masses
4. mq˜,mu˜R ,md˜R ,ml˜ and me˜R : the first/second generation sfermion mass parame-
ters
5. mQ˜,mt˜R ,mb˜R ,mL˜ and mτR : the third generation sfermion mass parameters
6. At, Ab and Aτ : the third generation trilinear couplings.
Within this parameter space we will discuss the processes studied in the MSSM. If fur-
ther phenomenological or theoretical assumptions allow for an even stronger limitation
of parameters, this will be explicitly mentioned in the text. But we will mention one
consideration at this point. Recent bounds on the squark and gluino masses suggest
that they must be ta least of the order of O(1 TeV) (we will discuss this in more detail
in Ch. 8). However, the present LHC (and Tevatron) data still allow for a light top
squark with mass mt˜1 & 100 GeV. In our studies we use the light top squark mass mt˜1
as an independent parameter and tune the right-handed top squark mass mt˜R , after
all parameters have been set, accordingly.
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B
Form factors and new physics
In this chapter we give a overview of analysing BSM physics through anomalous cou-
plings and form factors. We will present some analytical formulæ which we have
employed in obtaining the results in Chapter 5.
At higher orders in perturbation theory, the tree level structure of the decay vertex
t→ bW+ may receive additional structures through loop corrections and possible new
physics. We call these additional structures anomalous couplings, or more generally
Lorentz structures. The coefficients of these Lorentz structures, which are in principle
complex valued functions of the particle masses and momenta squared, are called form
factors. Decay widths and cross sections in higher orders will depend on these form
factors and they thus serve as a valuable means to analyse the effects of BSM physics
on observables. In this section we will derive several analytic formulæ which were used
in Chapter 5.
B.1 The general tbW vertex
In the SM the tbW+ vertex is governed by the left-handed V −A interaction, i.e. the
relevant part of the SM Lagrangian reads
L SMtbW+ =
eV ∗tb√
2sW
b¯γµPLtW
+
µ + h.c. (B.1)
where PL denotes the left-handed projector PL = 12(1 − γ5). In order to construct
the most general tbW vertex, we will focus our attention on the case of both an
on-shell top quark and an on-shell bottom quark. We will first treat the W+ bo-
son off-shell. Let p and k denote the four-momenta of the top quark and bottom
quark respectively. Using only momentum conservation and Lorentz invariance, the
most general tbW vertex consists of the following Lorentz structures (p + k)µ, (p −
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k)µ, γµ, σµν(p + k)ν , σµν(p − k)ν , which transform as vectors under Lorentz transfor-
mations and (p+k)µγ5, (p−k)µγ5, γµγ5, σµν(p+k)νγ5, σµν(p−k)νγ5 which transform
as axial vectors under Lorentz transformations. In total we have 10 Lorentz structures
from which four can be eliminated by virtue of the Gordon identities
u¯b(k)γµut(p) = u¯b(k)
[ (p+ k)µ
mt +mb
+ iσ
µν (k − p)ν
mt +mb
]
ut(p), (B.2)
u¯b(k)γµγ5ut(p) = u¯b(k)
[(k − p)µ γ5
mt +mb
+ iσ
µν (k − p)ν γ5
mt +mb
]
ut(p). (B.3)
We thus arrive at 6 independent Lorentz structures in the decay amplitude MµtbW+ .
By convention they are chosen to be
MµtbW+ =
ie√
2sW
u¯b
[
γµ (fV + fAγ5) +
iσµνqν
mW
(g1 + g2γ5) + qµ (fS + fPγ5)
]
ut,
(B.4)
where q = p−k denotes the four-momentum of the W+-boson. The form factors fV,A,
g1,2 and fS,P are dimensionless complex valued functions of the W+-boson momentum
squared. If theW+-boson is on-shell, the last two factors in Eq. (B.4) do not contribute
because ε∗ · q = 0 for an on-shell W+-boson.
Consider now the case that the W+ boson is on-shell and define
fV =
1
2(fR + fL + V
∗
tb), g1 = 12(gR + gL), (B.5)
fA =
1
2(fR − fL − V
∗
tb), g2 = 12(gR − gL). (B.6)
With these definitions we can rewrite Eq. (B.4) as
MtbW+ =
ie√
2sW
εµ∗u¯b
[
γµ (FLPL + fRPR) +
iσµνq
ν
mW
(gLPL + gRPR)
]
ut, (B.7)
where PR denotes the right-handed projector PR = 12(1+γ5) and FL ≡ (V ∗tb+fL). The
form factor FL is UV-finite but not infrared safe. Throughout this chapter we will use
and discuss this form of the tbW vertex. The SM tree-level tbW vertex is obtained for
fL = fR = gL = gR = 0. The magnitude of the tree-level tbW vertex in the SM equals
|Vtb|. We stress the importance of the following fact again (cf. Chapter 5): The form
factors fL,R and gL,R can be induced at higher orders in the SM, but we use them only
to parameterise IR- and UV-finite new physics contributions to the tbW decay vertex.
B.2 Decay widths
In the decay t → bW+, the W+-boson can be produced in three different helicity
states; left- and right-handed (∓) and longitudinal (0). The corresponding partial
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decay widths Γ
(
t→ bW+(λW = 0,±)
)
are denoted by Γ0,±. To calculate these we
need the explicit form of the W+-boson polarisation vectors. If we fix the direction of
flight of the W+-boson to coincide with the z-axis in the top quark rest frame, then
the polarisation vectors are given by
ε∗µ± =
1√
2

0
1
∓i
0
 , ε∗µ0 = 1mW

q3
0
0
q0
 . (B.8)
With the help of the polarisation vectors we can now write down the partial decay
widths. For the general tbW amplitude (B.7) the partial decay widths read
Γ0 =
e2|q|
32pis2W
[[|FL|2 + |fR|2]
xW
(1− xW − xWxb − 2xb + x2b)
+
[
|gL|2 + |gR|2
]
(1− xW + xb)− 4mb
mt
Re gLg∗R − 4
mb
mt
ReFLf∗R
− 2 mt
mW
Re [FLg∗R + fRg∗L](1− xW − xb)
+ 2 mb
mW
Re [FLg∗L + fRg∗R](1 + xW − xb)
]
,
Γ± =
e2|q|
32pis2W
[{ [
|FL|2 + |fR|2
]
(1− xW + xb)− 4mb
mt
ReFLf∗R
+ x−1W
[
|gL|2 + |gR|2
]
(1− xW − 2xb − xWxb + x2b)− 4
mb
mt
Re gLg∗R
− 2 mt
mW
Re [FLg∗R + fRg∗L](1− xW − xb)
+ 2 mb
mW
Re [FLg∗L + fRg∗R](1 + xW − xb)
}
∓ 2mt|q|
m2W
{
− xW
[
|FL|2 − |fR|2
]
+
[
|gL|2 − |gR|2
]
(1− xb)
+ 2mW
mt
Re [FLg∗R − fRg∗L] + 2
mWmb
m2t
Re [FLg∗L − fRg∗R]
}]
, (B.9)
where we have introduced the abbreviations
xW =
m2W
m2t
, xb =
m2b
m2t
(B.10)
and where |q| denotes the momentum of the W+-boson in the top quark rest frame
|q| = mt2
√
1 + x2b + x2W − 2xb − 2xW − 2xbxW . (B.11)
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The tree-level partial decay widths in the SM are then readily obtained by substituting
FL = V ∗tb, fR = gL = gR = 0 in Eq. (B.9). One finds
ΓBorn0 =
e2|Vtb|2|q|
32pis2WxW
(
1 + x2b − 2xb − xW − xbxW
)
, (B.12)
ΓBorn± =
e2|Vtb|2|q|
32pis2W
[
(1− xW + xb)± 2|q|
mt
]
. (B.13)
By adding the tree-level partial decay widths, we find the well known result for the
tree-level top quark decay width in the SM:
ΓBorntbW =
e2|Vtb|2|q|
32pis2WxW
(
1 + xW + xWxb − 2xb + x2b − 2x2W
)
. (B.14)
The new physics corrections to the tree-level partial decay widths ΓBorn0,± , linear in the
form factors fL,R and gL,R are obtained from the interference terms of the tree-level
decay amplitude with the decay amplitude stemming from the new physics contribu-
tions:
dΓ0,±(fL, fR, gl, gR) ∼MBorntbWµMBSM∗tbWν(fL, fR, gL, gR)εµ∗0,±εν0,± + c.c. (B.15)
The new physics correction to the tree-level partial decay widths can then be obtained
from Eq. (B.9) in the following limit:
• |FL|2 → 2 ReV ∗tbfL,
• ReFLf∗R, ReFLg∗L,R → ReV ∗tbf∗R, ReV ∗tbg∗L,R,
• Re fRg∗L,R → 0,
• |gL,R|2 → 0, Re gLgR∗ → 0.
The new physics contributions to the partial decay widths linear in the form factors
then read:
dΓ0 =
e2|q|
32pis2W
[2 ReV ∗tbf∗L
xW
(1− xW − xwxb − 2xb + x2b)− 4
mb
mt
ReV ∗tbf∗R
− 2 mt
mW
(
ReV ∗tbg∗R(1− xW − xb)−
mb
mt
ReV ∗tbg∗L(1 + xW − xb)
)]
, (B.16)
dΓ± =
e2|q|
32pis2W
[{
2 ReV ∗tbf∗L(1− xW + xb)− 4
mb
mt
ReV ∗tbf∗R
− 2 mt
mW
(
ReV ∗tbg∗R(1− xW − xb)−
mb
mt
ReV ∗tbg∗L(1 + xW − xb)
)}
± 2mt|q|
m2W
{
2xW ReV ∗tbf∗L − 2
mW
mt
ReV ∗tbg∗R + 2
mbmW
m2t
ReV ∗tbg∗L
}]
. (B.17)
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The new physics correction to the tree-level top quark decay width is then of course
given by
dΓ = dΓ0 + dΓ+ + dΓ−. (B.18)
In the conventional α-scheme the new physics contribution fL to the left-handed form
factor does not receive a contribution from ∆r, cf. Eq. (5.11). Since we present the
results in the Gf -scheme, the new physics contribution fL should be read as
fL → fL − e√2sW
1
2∆r. (B.19)
Here ∆r denotes the BSM and SM difference, i.e. ∆r ≡ ∆rBSM −∆rSM. A convenient
way to write down the new physics contributions linear in the form factors to the
tree-level top quark decay width is given in terms of the helicity fractions. Let δBSM
denote the new physics correction to the tree-level decay width, then δBSM is given in
terms of the partial decay widths (B.16) and (B.17) by
δBSM = FBorn0
dΓ0
Γ0
+ FBorn−
dΓ−
Γ−
+ FBorn+
dΓ+
Γ+
−∆r. (B.20)
The tree-level partial decay widths FBorn0,± in the above equation are given by Equa-
tions (B.12) and (B.13).
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C
Some Higgs boson decay widths
In this chapter we derive some analytic formulæ for the decay widths Γ(φ → gg)
where φ = H,A, which were used to compute the branching ratios in Chapter 6.
These decay widths were used in the effective coupling approximation employed in
Chapter 6. Although the results are by no means new and can be found in numerous
instances in the literature, cf. [214], it is worthwhile to derive the results independently.
We also give some general formulæ for the decays widths Γ(φ→ γγ, γZ).
Consider the decays of a spin-zero resonance φ into a pair of gluons. In the SM and
two-Higgs-doublet extensions of the SM, these decays are mediated by quark loops,
and in the case of the MSSM additionally by squark loops.
(I)
φ(p)
g(k1),µ
g(k2),ν
F (q+k1)
F (q−k2)
F (q)
(II)
φ(p)
g(k1),µ
g(k1),ν
F (q+k1)
F (q−k2)
F (q)
Figure C.1: φ→ gg
For the sake of brevity we will discuss only the quark con-
tributions to the Γ(A/H → gg) decay widths. The squark
contributions to the Hgg couplings will be denoted by a
generic factor. Let us now turn to the decay H → gg. The
generic Feynman diagrams, including the momentum assign-
ments, contributing to the decay at leading order are shown
in Fig. C.1. The amplitudes in D = 4− 2ε dimensions read
iT Ifi + iT IIfi =
∫ (2pi)−D (−gHqq¯ε∗µ1 ε∗ν2 (MIµν +MIIµν)) dDq
[q2 −m2q ][(q − k2)2 −m2q ][(q + k1)2 −m2q ]
,
(C.1)
where the summation over all quark flavours is implied. The
factor gHqq¯ encodes the Yukawa couplings of the heavy scalar
to the quarks. These are the same in the 2HDM and the
MSSM and also encode the Yukawa couplings in the case of
the extensions of the type-II 2HDM with heavy quarks, and
vector-like quarks. The matrix elementsM read
MIµν = ig2sTr[(T a1γµ)(/q + /k1 +mq)(/q − /k2 +mq)(T a2γν)(/q +mq)] (C.2)
MIIµν = ig2sTr[(T a1γµ)(mq − /q)(T a2γν)(mq − /q − /k2)(mq − /q − /k1)]. (C.3)
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Performing the traces we find that MIµν =MIIµν and so
iT Ifi = iT IIfi ≡ iTfi = −
g2smqδ
a1a2
2v ε
∗µ
1 ε
∗ν
2 ·
∑
q
q˜Hqq¯
∫ dDq
(2pi)D
Zµν(q)
N
, (C.4)
with
Zµν(q) = 2m2q
(
2k2µk1ν − 2(k1µ + 2qµ)(k2ν − 2qν)− gµν(m2H − 2m2q + 2q2)
)
,
N = [q2 −m2q ][(q − k2)2 −m2q ][(q + k1)2 −m2q ].
Note that the Yukawa couplings g˜Hqq¯ are now normalised with respect to the SM
Yukawa couplings. Introducing Feynman parameters gives
Iµν(k1, k2) ≡ Zµν(q)
N
=
∫ dDq
(2pi)D
∫ 1
0
∫ 1−x
0
2Zµνdxdy
[(q − (xk2 − yk1))2 −∆]3 (C.5)
with ∆ = m2q − xym2H . Now shift variables q → q + xk2 − yk1 and expand the
denominator
Zµν(q) = gµν(m2H − 2m2q + 2(q + xk2 − yk1)2) + 4m2qk2µk1ν
− 4m2q(k1 + 2qµ − 2(xk2 − yk1)µ)(k2 − 2qν − 2(xk2 − yk1)ν).
Linear terms in q may be dropped and we arrive at
Zµν(q) = gµν(4m3q + 2mqm2H(2xy − 1) + 2εmqq2) + k2µk1ν(4mq − 16mqxy), (C.6)
where we have used∫ dDq
(2pi)D q
µqνf(q2) =
∫ dDq
(2pi)D q
q2f(q2)
D
,
16
D
− 4 = 2ε+O(ε2). (C.7)
Putting everything together results in
iTfi = − g
2
smqδ
a1a2
v
ε∗µ1 ε
∗ν
2
∑
q
g˜Hqq¯
∫ 1
0
∫ 1−x
0
∫ dDq
(2pi)D
2Zµν(q)dxdy
[q2 −∆]3
= − g
2
sδ
a1a2
v
ε∗µ1 ε
∗ν
2
∑
q
g˜Hqq¯
[
im2q
(4pi)2 gµν −
im2q
(4pi)2
((
2m2Hgµν − 8k2µk1ν
)
I1
+
((
2m3q −mqm2H
)
gµν + 2mqk2µk1ν
)
I2
) ]
, (C.8)
where we have used∫ dDq
(2pi)D
1
[q2 −∆]3 =
−i
2(4pi)2 ·
1
∆ ,
∫ dDq
(2pi)D
εq2
[q2 −∆]3 =
i
(4pi)2 +O(ε) (C.9)
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and where we have defined
I1 =
∫ 1
0
∫ 1−x
0
xydxdy
m2q − xym2H
, I2 =
∫ 1
0
dx
∫ 1−x
0
dy 1
m2q − xym2H
. (C.10)
The two integrals I1 and I2 are related and one finds
I1 = − 12m2H
+
m2q
m2H
· I2. (C.11)
The integral I2 reads
I2 = − 1
m2qξq
∫ 1
0
ln (1− x(1− x)ξq)
x
dx,
(
ξq =
m2H
m2q
)
. (C.12)
The argument of the logarithm is real if ξq < 4, or equivalently mH < 2mq. Consider
I(ξq) =
∫ 1
0
ln (1− x(1− x)ξq)
x
dx. (C.13)
Integrating by parts gives
I(ξq) = [ln(x) ln(1− x(1− x)ξq)]10 + ξq
∫ 1
0
(1− 2x) ln(x)
1− x(1− x)ξq dx
=
∫ 1
0
(1− 2x) ln(x) 1
βq
( 1
x− x+ −
1
x− x−
)
dx, (C.14)
where
x± =
1
2(1±
√
1− 4ξ−1q ) ≡ 12(1± βq), βq =
√
1− 4ξ−1q . (C.15)
Since the denominator now vanishes in two points in the integration range we have to
split the integral into its principal part and the contributions from the poles according
to ∫ dx′
x′ − x± i = P
∫ dx′
x′ − x ± ipiδ(x− x
′). (C.16)
According to Eq. (C.16) the imaginary part is
iImI(ξq) =
ipi
βq
∫ 1
0
(δ(x− x+) + δ(x− x−))(1− 2x) ln(x)dx
= ipi
βq
((1− 2x+) ln(x+) + (1− 2x−) ln(x−))
= − ipi ln
(
1 +
√
1− τq
1−√1− τq
)
, (C.17)
143
C Some Higgs boson decay widths
where τq = 4ξ−1q = 4m2q/m2H . For the real part of the integral I(ξq), with ξq > 4, we
use the following trick: we first differentiate the integral I(ξq) with respect to ξq:
dI
dξq
= −
∫ 1
0
1− x
1− x(1− x)ξq dx
= −
∫ 1
−1
1− u
4− ξq + ξqu2 du, x =
1
2(1 + u)
= 12βqξq
P
∫ 1
−1
(
1
u+ βq
− 1
u− βq
)
du
= 1
βqξq
ln
(
1 + βq
1− βq
)
. (C.18)
We now need to integrate over ξq:
I(ξq) =
∫
dξq
dI
dξq
=
∫
dβq
dξq
dβq
dI
dξq
=
∫ βqξ2q
2
1
βqξq
ln
(
1 + βq
1− βq
)
=
∫
ln
(
1 + βq
1− βq
)
d
dβq
ln
(
1 + βq
1− βq
)
= 12 ln
(
1 + βq
1− βq
)2
+ const. (C.19)
For ξq < 4 the integral becomes
dI
dξq
=
∫ 1
−1
−(1− u)
4− ξq + ξqu2 du =
−2√
ξq(4− ξq)
arctan
√
ξq
4− ξq . (C.20)
Integrating once more with respect to ξq results in
I(ξq) = −2 arctan2
√
ξq
4− ξq . (C.21)
We now choose the constant in Eq. (C.19) such that the integral is continuous at
ξq = 4;
const = lim
ξq→4
−2 arctan2
√
ξq
4− ξq = −
pi2
2 . (C.22)
Summarising we find
I(τq) =

1
2
[
ln
(
1+
√
1−τq
1−
√
1−τq
)
− ipi
]2
, τq < 1
−2 arctan2
(√
1
τq−1
)
, τq > 1
(C.23)
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Expressing the original integrals I1 and I2 as a function of I(τq) we obtain the final
result
I1 = − 12m2H
(
1 +
2m2q
m2H
I(τq)
)
, I2 = − 1
m2H
I(τq). (C.24)
Returning to our previous calculations, we see that
iTfi = − g
2
s iδ
a1a2
(4pi)2v ε
∗µ
1 ε
∗ν
2
∑
q
m2q g˜Hqq¯
[(
2− 4m2HI1 − (4m2q − 2m2H)I2
)
gµν
− (4I2 − 16I1)k2µk1ν
]
. (C.25)
Summing over colours and polarisation we find
∑
|T |2 = 64g
4
s
(4pi)4v2
∣∣∣∣∣∑
q
m2q g˜Hqq¯
(
I2(4m2q −m2H)− 2
) (
I2(2m2q −m2H) + 2m2HI1 − 1
)∣∣∣∣∣
2
= 64g
4
s
(4pi)4v2
∣∣∣∣∣∑
q
m2q g˜Hqq¯
(
I(τq)β2q + 1
)∣∣∣∣∣
2
. (C.26)
Integrating over phase space and substituting 1
v2 =
g2
4m2W
results in
Γ(H → gg) = 64g
4
sg
2
4(4pi)4m2W
· λ
1
2 (m2H , 0, 0)
16pim3H
·
∣∣∣∣∣∑
q
g˜Hqq¯(1− β2q )
(
I(τq)β2q + 1
)∣∣∣∣∣
2
. (C.27)
The squark contributions to the decay width Γ(H → gg) are given by [179]
MHq˜q˜ =
∑
q˜i
gHq˜iq˜i
m2qi
(
1− β2q˜i1
) ((
1− β2q˜i
)
I(τq˜i)− 1
)
(C.28)
and must be added coherently to Eq. (C.27).
The decay width Γ(A → gg) is obtained in a similar way. Inspection of the MSSM
couplings of the pseudoscalar Higgs boson A to squarks shows that the couplings of
A to identical q˜iq˜i states are zero and that the couplings of A to mixed q˜iq˜j states are
anti-symmetric. There are thus no squark contributions at leading order to the decay
width Γ(A→ gg). The relevant contributions come from top and bottom quark loops.
The amplitudes read
iT Ifi + iT IIfi =
∑
q
∫ −gAqq¯ε∗µ1 ε∗ν2 (MI +MII)µνdDq
(2pi)D[q2 −m2q ][(q − k2)2 −m2q ][(q + k1)2 −m2q ]
, (C.29)
where the sum extends over all quark flavours
MIµν = Tr[γ5(/q − /k2 +mq)(gsT a2γν)(/q +mq)(gsT a1γµ)(/q + /k1 +mq)] (C.30)
MIIµν = Tr[γ5(/q + /k1 +mq)(gsT a1γµ)(/q +mq)(gsT a2γν)(/q − /k2 +mq)] (C.31)
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and gAqq¯ is the Yukawa coupling constant of A to the quarks. Performing the traces
we find
iT Afi ≡ iT Ifi + iT IIfi = −
g2sδ
a1a2
2 ε
∗µ
1 ε
∗ν
2
∑
f
gAqq¯
∫ dDq
(2pi)D
ZAµν
N
(C.32)
with
ZAµν = 8imqεµναβqkα1 k
βq
2 ,
N = [q2 −m2q ][(q − k2)2 −m2q ][(q + k1)2 −m2q ].
After introducing Feynman parameters we find
IAµν ≡
∫ dDq
(2pi)D
ZAµν(q)
N
=
∫ dDq
(2pi)D
∫ 1
0
∫ 1−x
0
2Zµνdxdy
[(q − (xk2 − yk1))2 −∆]3 . (C.33)
Since the denominator of the integrand carries no momentum dependence we are left
with
IAµν = 16imqεµναβqkα1 k
βq
2
∫ dDq
(2pi)D
∫ 1
0
dx
∫ 1−x
0
dy 1[q2 −∆]3
= 8mq(4pi)2 εµναβqk
α
1 k
βq
2 · I2, (C.34)
where I2 is the integral which was discussed in the previous section. So
iT Afi = −
g2sδ
a1a2
2 ε
∗µ
1 ε
∗ν
2
∑
q
gAqq¯I
A
µν = −g2sδa1a2
8
2(4pi)2 εµναβqε
∗µ
1 ε
∗ν
2 k
α
1 k
βq
2
∑
q
mqgAqq¯I2
(C.35)
Squaring and summing over colours and polarisations states gives
∑
|T Afi |2 = 8g4s
64
4(4pi)4 ·
m4A
2 ·
∣∣∣∣∣∑
q
mqqAqq¯I2
∣∣∣∣∣
2
= 8g
2g4s
128pi4m2W
∣∣∣∣∣∑
q
m2q q˜Aqq¯I(τq)
∣∣∣∣∣
2
. (C.36)
The couplings g˜Aqq¯ are again normalised with respect to the SM Higgs Yukawa cou-
plings. Integrating over phase space yields the decay width
Γ(A→ gg) = g
2g4s(N2c − 1)
128pi4m2W
· λ
1
2 (m2A, 0, 0)
16pim3A
·
∣∣∣∣∣∣
∑
f
m2qC˜fI(τq)
∣∣∣∣∣∣
2
= α
2
sg
2m3A
256m2Wpi3
∣∣∣∣∣∑
q
(1− β2q )g˜Aqq¯I(τq)
∣∣∣∣∣
2
. (C.37)
Again, Eq. C.37 is equally well applicable in the 2HDM, the MSSM and the TC2
(where the pseudoscalar state is denoted by Π).
146
C.1 H,A→ γγ, Zγ decay widths
C.1 H,A→ γγ, Zγ decay widths
In this section we list the decay widths used in Chapter 6 for the loop-induced decays
H → γγ and H → Zγ. The general form of the vertices is
MHV V ′ = (Agµν + Bkν1kµ2 ) ε∗µ(k1)ε∗ν(k2), (C.38)
where the gauge boson momenta are labeled k1 and k2. Squaring and summing over
the polarisation states of the gauge bosons we find:
Γ(H → γγ) = 164pimH
(
8|A|2 + 2m2H ReAB∗
)
, (C.39)
Γ(H → Zγ) = m
2
H −m2Z
64pim3H
(
12|A|2 − |B|2
(
m2H −m2Z
)2)
. (C.40)
For the pseudoscalar decays A→ γγ, Zγ, the general decay amplitude is given by (cf.
Eq. (6.2))
MV V ′ = AV V ′εµναβk1αk2βε∗µ(k1)ε∗ν(k2). (C.41)
The decay widths then read
Γ(A→ γγ, Zγ) = S|AV V ′ |
2λ3/2
32pim3A
, (C.42)
with λ = (m2A −m2V −m2V ′)2 − 4m2Vm2V ′ and where S is 1/2 in the case of identical
particles in the final state. The form factors A,B and AV V ′ were extracted with the
packages FeynArts and FormCalc.
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D
Analytical result for Γ(H → W+W−γ)
In this chapter we will present a detailed analytical calculation of the three-body
MSSM partial decay width Γ(H → W−W+γ). This three-body partial decay width
must be added to the loop-corrected lowest order MSSM decay width ΓBorn(H →
W+W−) to ensure the cancellation of the infrared divergences. For convenience we
first recapitulate some basic formulæ and results needed in the calculation.
D.1 The dilogarithm
A much needed function in this chapter is the dilogarithm. We will discuss this function
briefly.
Expand log(1− x) around x = 0:
x
1 +
x2
2 +
x3
3 + . . . = − log(1− x). (D.1)
Now divide by x and integrate
x
12 +
x2
22 +
x3
32 + . . . = −
∫ x
0
log(1− t)
t
dt. (D.2)
Although the series on the l.h.s converges only for |x| ≤ 1, the integral on the r.h.s is
not restricted to these values, and we define for all x the dilogarithm function
Li2(x) = −
∫ x
0
log(1− t)
t
dt. (D.3)
A useful identity is
Li2(−1/x) + Li2(−x) = 2Li2(−1)− 12 log
2(x). (D.4)
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The dilogarithm appears in integrals involving the logarithm and rational functions.
Frequently used integrals are∫ t
0
log(a+ bx)
c+ ex dx =
1
e
[
log −α
e
log c+ et
c
− Li2β(t)
α
+ Li2
bc
α
]
= 1
e
[1
2 log
2 β(t)
e
− 12 log
2 bc
e
+ Li2
α
β(t) − Li2
α
bc
]
, (D.5)
with α = bc− ae and β(t) = b(c+ et) and∫ t
0
log(1 + axn)
x
dx = − 1
n
Li2 (−axn) . (D.6)
D.2 Infrared divergent scalar integrals
In the calculation of the one-loop virtual corrections to the lowest order decay width
Γ(H → W+W−) one encounters the infrared divergent scalar three-point integral
C0(m2W ,m2W ,m2H ,m2W ,m2W , 0). We will regularise the IR singularity with a small
photon mass λ. The scalar three-point integral is then infrared divergent in the limit
λ → 0. If k1,2 and p are the momenta of the W -bosons and the Higgs boson H
respectively, then
C0 =
∫ dDq
(2pi)D
1
[(q − k1)2 −m2W ]︸ ︷︷ ︸
=A
[(q + k2)2 −m2W ]︸ ︷︷ ︸
=B
[q2 − λ2]︸ ︷︷ ︸
=C
=
∫ dDq
(2pi)D
∫ 1
0
dx
∫ 1−x
0
dy 2[xA+ yB + (1− x− y)C]3
=
∫ dDq
(2pi)D
∫ 1
0
∫ 1−x
0
2dxdy
[q2 − [λ2(1− x− y) +m2W (x+ y)2 −m2Hxy]]3
= −i(4pi)2
∫ 1
0
dx
∫ 1−x
0
dy 1−m2Hxy +m2W (x+ y)2 + λ2(1− x− y)
(D.7)
Now we transform variables according to
u = x+ y, v = x− y
x+ y (D.8)
and the integral becomes
C0 =
−i
32pi2
∫ 1
0
du
∫ 1
−1
dv u
u2
(
m2W − 14m2H(1− v2)
)
+ λ2(1− u)
= −i16pi2
∫ 1
0
du
∫ 1
0
dv u
u2
(
m2W − 14m2H(1− v2)
)
+ λ2(1− u)
(D.9)
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Now
i(4pi)2C0 =
∫ 1
0
du
∫ 1
−1
dv u
u2
(
m2W − 14m2H(1− v2)
)
+ λ2(1− u)
= 1
A
∫ 1
0
dv
∫ 1
0
du
u− 12 λ
2
A +
1
2
λ2
A
u2 + λ2A (1− u)
, A = m2W − 14m2H(1− v2)
= 12A
∫ 1
0
dv
∫ 1
0
du
2u− λ2A
u2 + λ2A (1− u)
+
∫ 1
0
∫ 1
0
1
2
λ2
A2dvdu
u2 + λ2A (1− u)︸ ︷︷ ︸
→0
=
∫ 1
0
dv 12A log
A
λ2
, (D.10)
so
C0 =
−i
32pi2
∫ 1
0
log
[
m2W−
1
4m
2
H(1−v2)
λ2
]
(
m2W − 14m2H(1− v2)
)dv
= −i32pi2m2W
∫ 1
0
 log m
2
W
λ2
1− m2H4m2W (1− v
2)
+
log
[
1− m2H4m2W (1− v
2)
]
(
1− m2H4m2W (1− v
2)
)
dv. (D.11)
Now write β0 =
√
1− ζ where ζ = 4m2W
m2H
and the first integral becomes
∫ 1
0
log m
2
W
λ2
1− m2H4m2W (1− v
2)
dv = (β20 − 1) log
m2W
λ2
∫ 1
0
dv
β20 − v2
=
(β20 − 1) log m
2
W
λ2
2β0
∫ 1
0
( 1
β0 + v
+ 1
β0 − v
)
dv. (D.12)
Now, let us assume for the moment that β0 > 1. Then the integrand has no poles in
the integration interval and the first integral simply becomes∫ 1
0
log m
2
W
λ2
1− m2H4m2W (1− v
2)
dv = 1− β
2
0
2β0
log β0 − 1
β0 + 1
, β0 > 1. (D.13)
The second integral reads
∫ 1
0
log
[
1− m2H4m2W (1− v
2)
]
(
1− m2H4m2W (1− v
2)
) dv = β20 − 12β0
∫ 1
0
2β0
β20 − v2
log β
2
0 − v2
β20 − 1
dv.
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Changing variables w = β0−vβ0+v leads to∫ 1
0
2β0
β20 − v2
log β
2
0 − v2
β20 − 1
dv =
∫ 1
β0−1
β0+1
dw
w
log
[
4β20
β20 − 1
w
(1 + w)2
]
=
∫ 1
β0−1
β0+1
dw
w
[
log 4β
2
0
β20 − 1
+ log w(1 + w)2
]
= − 2
(
log 2β
β0 + 1
log β0 − 1
β0 + 1
− 14 log
2 β0 − 1
β0 + 1
+pi
2
12 + Li2
[
−β0 − 1
β0 + 1
])
. (D.14)
The above integrals are valid for β0 > 1. Putting everything together we arrive at
C0 =
i
32pi2m2W
1− β20
β0
(1
2 log
β0 − 1
β0 + 1
log λ
2
m2W
− log 2β0
β0 + 1
log β0 − 1
β0 + 1
+14 log
2 β0 − 1
β0 + 1
− pi
2
12 − Li2
[
−β0 − 1
β0 + 1
])
. (D.15)
For β0 < 1 we have to be careful. One way to obtain the correct answer is to ana-
lytically continue the above result. I.e. we change β0−1β0+1 → −
1−β0
1+β0 and pick up all the
terms log (−1). The result is
C0 =
i(1− β20)
32pi2m2Wβ0
(
1
2
[
log 1− β01 + β0 + ipi
]
log λ
2
m2W
− log 2β0
β0 + 1
log 1− β01 + β0
−ipi log 2β0
β0 + 1
+ 14 log
2 1− β0
1 + β0
− pi
2
3 +
ipi
2 log
1− β0
1 + β0
− Li2 1− β01 + β0
)
.(D.16)
The result agrees with the analytical expression Eq. (C.3) from [217] and has been
numerically checked with LoopTools 2.5 [171] Alternatively, for β < 1, we could split
up the integration interval in three parts; [β−1β+1 ,−δ]∪ [−δ, δ]∪ [δ, 1] and integrate along
the axis for the first and third interval and integrate along a semi-circle centred about
the origin for the second interval and take the limit δ → 0.
A further infrared divergent scalar integral is the scalar two-point integral originating
from the W -boson self-energy diagrams. Again we have regularised the IR divergence
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with a small photon mass λ. Evaluated at p2 = m2 the scalar two-point integral reads
(4pi)2
i
∂B0(p2, λ2,m2)
∂p2
= − ∂
∂p2
∫ 1
0
log[p2z(z − 1) + λ2(1− z) +m2z]dz
=
∫ 1
0
z − z2
m2z2 + λ2(1− z)dz
=
∫ 1
0
[
z
m2z2 + λ2(1− z) −
1
m2
]
dz
+ λ
2
m2
∫ 1
0
1
m2z2 + λ2(1− z)dz︸ ︷︷ ︸
O(λ2)
= − 12m2 log
λ2
m2
− 1
m2
+O(λ2)
= − 1
m2
(
1 + 12 log
λ2
m2
)
+O(λ2) (D.17)
D.3 Phase space
The three-particle phase space element, in the rest frame of the Higgs Boson H, is
given by
dΓ3 =
(2pi)4
2mH
d3k1
(2pi)32E1
d3k2
(2pi)32E2
d3k3
(2pi)32E3
|MH→WWγ |2δ4(p− k1 − k2 − k3), (D.18)
where MH→WWγ is the transition matrix element of the process H →W+W−γ. We
first integrate over the momentum k2 of the W+-boson (in the rest frame p = 0).
dΓ3 =
1
16mH(2pi)5
∫ d3k1d3k3
E1E2E3
|MH→WWγ |2δ (mH − E1 − E2 − E3) , (D.19)
where
E2 =
√
k21 + k23 + 2|k1||k3| cos θ13 +m2W
=
√
E21 + E23 + 2|k1||k3| cos θ13. (D.20)
Now we use
d|ki| = EidEi|ki| , i = 1, 3 (D.21)
to write
dΓ3 =
1
16mH(2pi)5
∫
dE1dE3δ(cos θ13 − cos θ0)Θ(1− cos2 θ13)dΩ˜|MH→WWγ |2,
(D.22)
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with dΩ˜ = dφd cos θ13dΩ1 and cos θ0 defined by
(mH − E1 − E3)2 − E21 − E23
2|k1||k3| . (D.23)
The integration region in the E1 − E3-plane is bounded by the implicit equation
cos2 θ13 = 1, or explicitly
4
(
E21 −m2W
)
E23 =
(
(mH − E1 − E3)2 − E21 − E23
)2
. (D.24)
The solid angle dΩ1 describes the orientation of k1 with respect to some axis, the
angle θ13 describes the orientation of k3 with respect to k1. It is useful to introduce a
new variable. Define x = 12(E1 − E2). Then
E1 = x+
1
2(mH − E3), E2 = −x+
1
2(mH − E3) (D.25)
and one finds for the boundary
x± = ±12E3β, β =
√
m2H − 2mHE3 − 4m2W
m2H − 2mHE3
. (D.26)
The allowed energy range of the photon is restricted due to energy-momentum con-
servation, one finds
E−3 = 0, E+3 =
1
2mHβ
2
0 . (D.27)
The decay width now reads
Γ3 =
1
16mH(2pi)5
∫ 1
2mHβ
2
0
0
dE3
∫ x+
x−
dx
∫
dΩ1
∫ 2pi
0
|MH→WWγ |2dφ
= 164mHpi3
∫ 1
2mHβ
2
0
0
dE3
∫ x+
x−
|MH→WWγ |2dx (D.28)
since the matrix element MH→WWγ does not depend on the angular variables.
D.4 Decay width
To obtain an infrared finite transition probability we need to add the contributions
from the real radiation process
H →W−(k1) +W+(k2) + γ(k3) (D.29)
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Figure D.1: Real radiation of a photon.
to the loop-corrected decay width Γvirt. The real radiation diagrams are shown in
Figure D.1. With
x1 =
k1 · k3
m2W
, x2 =
k2 · k3
m2W
, (D.30)
the squared and summed transition matrix element can be written as
|MH→WWγ |2 = e
4
s2W
(
4− 4ζ + 3ζ2
ζ2
A+B
)
(D.31)
where
A = 4
ζx1x2
−
( 1
x1
+ 1
x2
+ 1
)2
+ 1 (D.32)
B = 2
[(
x1
x2
+ x2
x1
+ 1
)2
− 1
]
. (D.33)
With the help of Eq. (D.25), the variables x1 and x2 can be written as
x1 =
mH
2m2W
(E3 + 2x), x2 =
mH
2m2W
(E3 − 2x). (D.34)
D.4.1 Calculation of the phase space integrals
We can now calculate the integral of |MH→WWγ |2 (cf. Eq. (D.31)) over the three-body
phase space (D.28). The A term of Eq. (D.31) can be written as
A
m2W
= (4− 2ζ)(E3 − 2x)(E3 + 2x) −
ζ
(E3 − 2x)2 −
ζ
(E3 + 2x)2
− 8E3
mH(E3 − 2x)(E3 + 2x) .
(D.35)
155
D Analytical result for Γ(H →W+W−γ)
The x-integration is performed readily and we obtain∫ x+
x−
A
m2W
dx =
(2− ζ) log 1+β1−β
E3
− 2ζβ
E3(1− β2) −
4
mH
log 1 + β1− β . (D.36)
We see from this result that the integrand is infrared divergent in the limit of vanishing
photon energy, i.e. E3 → 0. For the integration of A/m2W over the photon energy E3,
it is useful to change variables to
E3 =
mH
2
(
β20 − β2
1− β2
)
, (D.37)
dE3 = −mHβ 1− β
2
0
(1− β2)2 dβ. (D.38)
We will regulate the infrared divergence by an infrared cut-off ε. So∫ mHβ20
2
0
AdE3
m2W
=
∫ mHβ20
2
0
(2− ζ) log 1+β1−β
E3
− 2ζβ
E3(1− β2) −
4
mH
log 1 + β1− β
dE3
= 2(1− β20)
∫ β0−ε
0
 β (2− ζ) log 1+β1−β
(1− β2) (β20 − β2) − 2ζβ
2
(1− β2)2 (β20 − β2)
dβ
− 2(1− β20)
∫ β0
0
2β log 1+β1−β
(1− β2)2 dβ. (D.39)
To further evaluate the integrals, we need to decompose the fractions. We have
β
(1− β2) (b20 − β2) = 12 (1− β20)
( 1
β0 − β −
1
β + β0
− 11− β +
1
1 + β
)
,
4β2
(
1− β20
)2(
β20 − β2
)
(1− β2)2 =
2β0
β0 − β −
1− β20
(1− β)2 +
2β0
β0 + β
− 1 + β
2
0
1− β −
1 + β20
1 + β −
1− β20
(1 + β)2
,
β
(1− β2)2 =
1
4
(
1
(1− β)2 −
1
(1 + β)2
)
, (D.40)
and we find that these integrals are of the standard form (cf. Eq. (D.5))∫ β0
0
log a+bxc+dx
α+ βx dx. (D.41)
The integral then becomes∫ mHβ20
2
0
AdE3
m2W
= β0F1(β0) log
β0
ε
+ 2β0 (2− log[2]) + (2− ζ)
(
Li2
2β0
β0 − 1
−Li2 2β0
β0 + 1
+ Li2
1 + β0
2 − Li2
1− β0
2 +
1
2 log[1− β
2
0 ] log
1 + β0
1− β0
)
,
(D.42)
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with
F1(β0) =
2− ζ
β0
log 1 + β01− β0 − 2
= 1 + β
2
0
β0
log 1 + β01− β0 − 2. (D.43)
The integration of the B term in Eq. (D.31) is easier. We have
B = 2
(
E3 − 2x
E3 + 2x
)2
+ 2
(
E3 + 2x
E3 − 2x
)2
+ 4
(
E3 − 2x
E2 + 2x
+ E3 + 2x
E3 − 2x
)
+ 4, (D.44)
and after performing the intergration, we find∫ x+
x−
Bdx = 16βE31− β2 . (D.45)
Then
∫ mHβ20
2
0
dE3
16E3β
1− β2 = 8m
2
H
∫ β0
0
(
1− β20
)
β2
(
β20 − β2
)
(1− β2)4 dβ
= m2H
(
β40 + β20 − β60 − 1
4
(
1− β20
) log 1 + β01− β0 + 2β
5
0 + 2β0 − 43β30
4
(
1− β20
) ) .
(D.46)
We can now put the two results (D.42) and (D.46) together and we find for the three-
body decay width Γ(H →W+W−γ):
Γ3
ΓBorn
= α
pi
[{
1 + β20
β0
log 1 + β01− β0 − 2
}
log β0
ε
+ +2β0 (2− log[2]) + 1 + β
2
0
β0
[
Li2
2β0
β0 − 1
−Li2 2β0
β0 + 1
+ Li2
1 + β0
2 − Li2
1− β0
2 +
1
2 log[1− β
2
0 ] log
1 + β0
1− β0
]]
+ m
3
Hα
2Γ−1Born
64pis2Wm2W
((
β40 + β20 − β60 − 1
)
log 1 + β01− β0 + 2(β
5
0 + β0)−
4β30
3
)
, (D.47)
where the lowest order decay width ΓBorn is given by
ΓBorn = cos2(β − α)αmH16s2W
β0
1− β20
(
3β40 − 2β20 + 3
)
. (D.48)
Now, we have to be careful replacing the term including the infrared cut-off log εβ0 with
a small photon mass. The small parameter needed to regulate the infrared divergent
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integrals is dimensionless. To regulate the original infrared integrals we can use a small
cut-off energy ∆E, or in terms of the variable β
β˜ =
√
m2H − 2mH∆E − 4m2W
m2H − 2mH∆E
∆E1= β0 − ζ
β0
∆E
mH
≡ β0 − ε, (D.49)
so we have to identify ζ∆Eβ0mH with ε.
To show the analytical cancellation of the IR divergent parts, we need to add the part
of the three-body decay width Γ3 containing the infrared cut-off ε, cf. Eq. (D.47), to
the corresponding term of the one-loop corrected decay width Γvirt. The interference
term of the Born matrix element and the one-loop matrix element is given by
2 Re (MBorn · M∗virt) (D.50)
and integrated over the two-particle phase space we have
Γvirt =
β0
8pimH
Re (MBorn · M∗virt) . (D.51)
We now extract from Eq. (D.51) the terms proportional to log λmW and we find
δIRvirt =
α
pi
ΓBornF1(β0) log
λ
mW
, (D.52)
with F1(β0) given by Eq. (D.43) and where ΓBorn is the lowest order decay width given
by Eq. (D.48). We now see that the infrared divergent part (D.52) is exactly canceled
by the corresponding term of Eq. (D.47).
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E
Extending the CKM matrix to four
generations
In this chapter we discuss the parameterisation of the CKM matrix for a fourth se-
quential generation. Extending the flavour structure means extending the 3×3 unitary
CKM matrix to a 4× 4 unitary matrix.
The CKM matrix VCKM of the SM depends on three mixing angles θ12, θ13 and θ23
and one complex phase δ13. Its elements are given by
VCKM =
 Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 (E.1)
with
Vud = c12c13, Vus = s12c13, Vub = s13e−iδ13
Vcd = −s12c23 − c12s23s13eiδ13
Vus = c12c23 − s12s23s13eiδ13
Vcb = s23c13
Vtd = s12s23 − c12c23s13eiδ13
Vts = −c12s23 − s12c23s13eiδ13
Vtb = c23c13
where cij = cos θij and sij = sin θij . In the SM4 the unitary CKM matrix is param-
eterised by three additional mixing angles θ14, θ24 and θ34 and two additional phases
δ14 and δ24. In terms of these parameters, it is then written as
VCKM =

Vud Vus Vub Vub′
Vcd Vcs Vcb Vcb′
Vtd Vts Vtb Vtb′
Vt′d Vt′s Vt′b Vt′b′
 (E.2)
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with
Vud = c12c13c14, Vus = c13c14s12, Vub = c14s13e−iδ13 ,
Vub′ = s14e−iδ14 , Vcb′ = c14s24e−iδ24 , Vtb′ = c14c24s34, Vt′b′ = c14c24c34,
Vcd = −c23c24s12 + c12(−c24s13s23eiδ13 − c13s14s24ei(δ14−δ24)),
Vcs = c12c23c24 + s12(−c24s13s23eiδ13 − c13s14s24ei(δ14−δ24)),
Vcb = c13c24s23 − s13s14s24ei(δ14−δ13−δ24),
Vtd = −s12(−c34s23 − c23s24s34eiδ24)
+ c12(−c13c24s14s34eiδ14 − s13eiδ13(c23c34 − s23s24s34eiδ24)),
Vts = c12(−c34s23 − c23s24s34eiδ24)
+ s12(−c13c24s14s34eiδ14 − s13eiδ13(c23c34 − s23s24s34eiδ24)),
Vtb = −c24s13s14s34ei(δ14−δ13) + c13(c23c34 − s23s24s34eiδ24),
Vt′d = −s12(−c23c34s24eiδ24 + s23s34)
+ c12(−c13c24c34s14eiδ14 − s13eiδ13(−c34s23s24eiδ24 − c23s34)),
Vt′s = c12(−c23c34s24eiδ24 + s23s34)
+ s12(−c13c24c34s14eiδ14 − s13eiδ13(−c34s23s24eiδ24 − c23s34)),
Vt′b = −c24c34s13s14ei(δ14−δ13) + c13(−c34s23s24eiδ24 − c23s34).
(E.3)
Unitarity of the CKM matrix implies that for each row i∑
j
|Vij |2 = 1. (E.4)
In the SM, the most precisely measured row is [218]
|Vud|2 + |Vus|2 + |Vub|2 = 0.9999± 0.0011. (E.5)
This leads to the following bound, implying that, from a unitarity point of view, there
is still “space left” for a fourth generation [174]:
|Vub′ | < 0.04. (E.6)
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